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Abstract 
 
Heme has been previously implicated in the function of the mammalian circadian clock 
but there has been no systematic investigation into the interplay between iron 
homeostasis and circadian rhythms. I have addressed this question in the model 
organism Drosophila  melanogaster using two different approaches. First, I measured 
the amount and iron content of the iron storage protein ferritin, the activity of the iron 
sulfur cluster-containing enzyme aconitase and total heme content in whole bodies of 
Drosophila  at different times during the 24-hour day-night cycle. I found no apparent 
fluctuation in these assays that would suggest circadian regulation of iron metabolism. 
Second, I tested whether RNA interference (RNAi) of iron homeostasis genes would 
alter the circadian behaviour of the flies. I selected 48 genes related to iron metabolism, 
silenced their expression specifically in cells expressing the circadian time-keeping 
transcription factor timeless and monitored the ability of these flies to sustain circadian 
rhythms in the absence of light cues. I found that when one of the two ferritin subunits, 
Ferritin 2 Light Chain Homologue (Fer2LCH) was silenced in clock cells the resulting 
flies displayed disrupted circadian rhythms in constant darkness. Expression of the 
circadian clock transcription factors timeless and period was disrupted in Fer2LCH-
RNAi flies. Inducing RNAi in restricted subsets of neurons I observed defects when 
Fer2LCH expression was reduced in the small ventral lateral neurons and in the dorsal 
lateral neurons that express the photoreceptor cryptochrome. An enhancer trap in 
Fer2LCH showed expression in a subset of these neurons. I propose a new role for 
Fer2LCH in the function of the biological clock in Drosophila  melanogaster. 
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Chapter 1: Introduction 
 
 
 
 
1.1 From Biological Rhythms to Circadian Clocks 
 
 
 
Although the ancient Greek philosopher, Pythagoras, believed that time was infinite, 
following endless cycles where the universe is born and dies, from our frame of 
reference, we measure time since the big bang, which our physical universe formation 
was created at a singular event, ~12-15 billion years ago. Despite our changing 
understanding of the concept of time, we recorded time throughout centuries by 
observing the daily, monthly and yearly ‘rhythms’ of our planet on its axis, around the 
moon and Sun, respectively. These predictably reoccurring events ensured that time 
remains constant and influenced humans to design instruments that could accurately 
measure time. It was however as early as the fourth century B.C. when a Greek 
naturalist, Androsthenes, observed the most frequent physical oscillation, the day-night 
cycle in plants, followed centuries after by a French geophysicist Jean-Jacques 
d’Ortous de Mairan that observed plants, specifically Mimosa pudica, continue to raise 
and fold their stems in a rhythmic manner even in constant darkness (DD) (Mairan 
1729). Since the realization of endogenously driven daily rhythms, much interest was 
placed on elucidating the nature of the underlying pacemaker or clock. In 1896, Patrick 
and Gilbert observed that during a prolonged period of sleep deprivation, sleepiness 
fluctuates with a period of approximately 24 hours (Gilbert 1896). In 1918, Szymanski 
showed that animals are capable of maintaining 24-hour activity patterns in the absence 
of external cues such as light (Szymanski 1918). A genetic basis for circadian clocks 
was first demonstrated for plants (Bunning 1935), by generating hybrids of bean plants 
with different clock periods that resulted in hybrids with intermediate periods and then 
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for insects (Pittendrigh 1967), by investigating the general properties of the pupal 
eclosion rhythm of Drosophila  pseudoobscura in different times of the day, suggesting 
specific sets of genes were involved in defining complex behaviour. These early 
observations were followed by systematic genetic screens in fruit flies (Konopka R 
1971), algae (Bruce 1972), fungi (Hoyle 1973), and much later, in mammals (Vitaterna, 
King et al. 1994). As several aspects of Drosophila  behaviour are restricted to 
particular times of day, the organism became an important model system for molecular 
investigation of the circadian clock. The discovery of three period mutants in eclosion 
rhythm (Figure	   1), long (perL), short (perS) and arrhythmic (per0) from Koponka 
(Konopka R 1971), prompted numerous additional genetic as well as molecular 
approaches aimed to isolate clock factors.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Eclosion rhythms in constant darkness, for populations of rhythmically 
normal and mutant flies. (Taken from Koponka 1971) 
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Some years later in the mid 1980s, the period gene was cloned independently by the 
Young and Rosbash laboratories (Bargiello, Jackson et al. 1984; Reddy, Zehring et al. 
1984). period was shown to encode a large protein of more than 1,200 amino acids and 
expression of a wild-type copy of this gene restored normal behavioural rhythms in 
arrhythmic per0 flies. Both period mRNA and protein levels exhibited rhythmic 
abundance, an about 24-hour molecular rhythm in the wild-type flies but no rhythm in 
per0 flies. Complementation studies of the per0 allele with genes derived from other 
insect species demonstrated conservation of the circadian system and subsequently 
characterization of per in the circadian clock mechanism established the first single 
gene with a function directly related to an animal behaviour.  
 
1.2 Drosophila  Circadian Control Circuit 
 
 
1.2.1 The Feedback Loops 
 
 
The identification of per stimulated more genetic screens aiming to explore the 
circadian clock machinery in detail. An additional clock component has been found, 
timeless (tim), that exhibited molecular rhythms similar to period. tim mRNA and 
protein levels were coincident with period in the fly head, but also, TIM protein was 
also isolated as an interaction partner of PER (Sehgal, Price et al. 1994; Vosshall, Price 
et al. 1994; Gekakis, Staknis et al. 1998). Detailed molecular genetic characterization 
of per and tim revealed both genes at the core of a transcriptional feedback loop. Five 
more genes were discovered including clock (clk), cycle (cyc) and double-time (dbt) 
(Allada, White et al. 1998; Price JL 1998; Rutila, Suri et al. 1998) followed by vrille 
(vri) (Blau J 1999) and shaggy (sgg) (Martinek S 2001). All of these genes and their 
products participate in complex negative and positive feedback loops that generate 
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stable circadian oscillations on the molecular level in individual cells. The current 
model of the Drosophila  molecular clock involves the basic helix-loop-helix positive 
transcription factors CLOCK (CLK) and CYCLE (CYC), which activate expression of 
per and tim   (Figure	  2) (Hardin 2004; Yamaguchi and Okamura 2012). PER and TIM, 
dimerize as they accumulate in the cytoplasm during the day, then translocate into the 
nucleus in the evening, to feedback inhibit their own transcription activation by 
preventing CLK/CYC dimmer from binding the per and tim promoters (Lee, Bae et al. 
1999; Yu, Zheng et al. 2006). Both proteins are phosphorylated by SHAGGY (SGG), 
leading to their degradation late at night (Yu, Zheng et al. 2006). Additional factors 
contributing to this loop, include DOUBLE-TIME (DBT), a Casein Kinase Iɛ 
homologue (Price JL 1998), Casein Kinase II (Lin, Kilman et al. 2002; Akten, Jauch et 
al. 2003), Protein Phosphatase 2A (PP2A) (Sathyanarayanan, Zheng et al. 2004), the F-
box protein SLMB (Grima, Lamouroux et al. 2002; Ko, Jiang et al. 2002), and the blue 
light photoreceptor CRYPTOCHROME (CRY), that can act as a transcriptional 
repressor in some clock cells (Emery, So et al. 1998; Stanewsky, Kaneko et al. 1998; 
Collins B 2006; Seay and Thummel 2011).  
 
Figure 2: The two feedback loops of the Drosophila  molecular clock. (Taken from Collins and 
Blau 2006) 
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In the second interlocked loop, shown in Figure	  2, CLK/CYC activates transcription of 
vrille (vri) and PAR-domain protein 1 (Pdp1), and the subsequent protein products, 
VRI and PDP1ɛ regulate clk transcription, with VRI acting as a repressor and PDP1 an 
activator of transcription, causing clk to cycle in opposite phase to per, tim, vri and 
Pdp1 (Blau J 1999; Cyran, Buchsbaum et al. 2003; Glossop, Houl et al. 2003; Hardin 
2011). 
Overall, the circadian pacemaker in Drosophila  is a combination of transcriptional and 
posttranscriptional regulation and this basic principle is valid in most organisms studied 
so far (Pegoraro and Tauber 2011). Interestingly, the molecular architecture of the 
Drosophila  and mammalian circadian feedback loops are very similar (Emery and 
Reppert 2004) and the main features of this evolutionary significant homology are 
discussed in section 1.2.6. 
 
1.2.2 Pacemaker Neuronal Clusters  
 
 
Subsequent characterization of the clock mutant flies using genetic mosaic and 
transgenic approaches defined a group of about 150 circadian neurons in the central 
brain, as the anatomic site controlling activity rhythm (Figure	  3). These can be grouped 
into 6 sets: 3 dorsal and 3 lateral, on each side of the brain.  The ventral Lateral 
Neurons (LNvs; further subdivided into 5 small and 4 large), the dorsal Lateral 
Neurons (6 LNds; further subdivided by expression of neuropeptide F (Lee, Bahn et al. 
2006) or Mai179 (Picot, Cusumano et al. 2007), the lateral-posterior neurons (LPNs) 
(Dubruille and Emery 2008) and the Dorsal Neurons (DNs; present in three clusters, 17 
DN1s, 2 DN2s and 40 DN3s) (Helfrich-Forster, Shafer et al. 2007; Diambra and Malta 
2012). 
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Figure 3: Schematic representation of the circadian pacemaker circuit in adult Drosophila . 
(Taken from Nitabach and Taghert 2008)  
 
1.2.2.1 ventral Lateral Neurons 
 
Only 4 s-LNvs and the l-LNvs express the neuropetide pigment dispersing factor (PDF) 
involved in the output of the clock. s-LNvs are believed to maintain circadian rhythms 
in constant darkness (DD), driving the anticipation of lights-on transition in the 
morning as well as synchronizing other groups of circadian neurons through rhythmic 
secretion of PDF towards the dorsal brain (Park, Helfrich-Forster et al. 2000; Grima, 
Chelot et al. 2004; Stoleru, Peng et al. 2005; Cusumano, Klarsfeld et al. 2009). 
Absence s-LNvs results severely reduced amplitude of per mRNA oscillations and 
desynchronization of PER cycling within different groups of circadian neurons (Renn, 
Park et al. 1999; Peng, Stoleru et al. 2003). 
One common way of probing the cellular architecture underlying clock function 
involves elimination of neurons via apoptosis or synaptic inhibition of a subset of clock 
neurons. For example elimination of s-LNvs resulted in severely reduced amplitude of 
per mRNA oscillations, impaired synchronization of PER cycling within different 
groups of circadian neurons and compromised self-sustained rhythms (Renn, Park et al. 
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1999; Stoleru, Peng et al. 2004). With similar experimental approaches, the morning 
peak of activity was shown to depend on the small s-LNvs, while the evening peak is 
thought to be governed by a group of neurons that include the LNds and a subset of the 
DN1s (Grima, Chelot et al. 2004; Stoleru, Peng et al. 2004; Picot, Cusumano et al. 
2007; Sheeba, Fogle et al. 2010).  (Nitabach and Taghert 2008) 
The 5th PDF negative s-LNv is located in close proximity to the four PDF-positive s-
LNv cells in larvae but in adults it is located in close proximity to the l-LNvs (Kaneko, 
Helfrich-Forster et al. 1997; Rieger, Shafer et al. 2006) and although it has been 
implicated in control of the evening anticipation in addition to three out of six LNds 
(Grima, Chelot et al. 2004), its function has not been clarified yet. The function of l-
LNvs is still not fully understood and recent studies proposed that they modulate 
wakefulness and sleep stability (Sheeba, Fogle et al. 2008) however it is also believed 
that l-LNvs send PDF positive projections to the accessory medulla (aMe) (Helfrich-
Forster 1997) and they also project via the posterior optic tract (POT) to the other 
hemisphere. 
 
1.2.2.2 dorsal Lateral Neurons 
 
 
The LNds control the evening peak of activity, and their heterogeneity has been 
reported (Rieger, Shafer et al. 2006; Shafer, Helfrich-Forster et al. 2006), since three 
express detectable amount of the photoreceptor CRY and three CRY-negative cells 
express neuropeptide F (NPF) (Lee, Bahn et al. 2006; Picot, Cusumano et al. 2007). It 
has been reported that CRY-positive LNds sustain high amounts of TIM in the morning 
and have delayed molecular oscillations (Yoshii, Wulbeck et al. 2009). It has been also 
suggested that the PDF-positive LNv cells are responsible for phase regulation of the 
5th s-LNv and LNds, since flies lacking functional PDF-positive LNv cells show altered 
phasing of the evening peak (Stoleru, Peng et al. 2005). The projection patterns of 
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LNds are characterized from a group with arborizations that overlap the projections of 
the dorsal neurons as described in (Helfrich-Forster, Shafer et al. 2007). The branches 
coming down from the LNd and up from the 5th s-LNv take exactly the same path, meet 
each other at the aMe and the posterior dorsal brain. The two DN3a also project to the 
aMe and their fibers join the aMe branch of the LNds. DN1a and DN1p also run to the 
aMe but from a different path from that of the LNds, DN3, and the 5th s-LNv. 
 
 
1.2.2.3 Lateral Posterior Neurons 
 
 
LPNs express TIM but not PER (Helfrich-Forster 2005) and they have been involved in 
temperature entrainment (Yoshii, Heshiki et al. 2005). It has been shown that when 
flies are subjected to a combination of light and temperature cycles, LPNs shift their 
phase and preferentially follow thermocycles (Miyasako, Umezaki et al. 2007). In 
several previous studies, it has been suggested that CRY is present in different types of 
clock neurons excluding DN2, DN3 and LPNs (Yoshii, Heshiki et al. 2005).  
 
 
1.2.2.4 Dorsal Neurons 1 
 
 
The DN1s can also be divided into two sets of neurons: 2 anterior DN1s (DN1as) based 
on their location compared to the other DN1s, and due to the fact they expressing the 
neuropeptide IPNamide (Shafer, Helfrich-Forster et al. 2006); 15 posterior DN1s 
(DN1ps), developmentally distinct since they are not present in larvae. Both sets of 
neurons express the GLASS transcription factor, which is necessary for visual 
photoreceptor differentiation (Moses, Ellis et al. 1989). All DN1as but only a subset of 
DN1ps express CRY, indicating that the DN1ps are heterogeneous (Yoshii, Todo et al. 
2008). 
	  9	  
1.2.2.5 Dorsal Neurons 2 
 
 
Although DN2s are in close proximity to the dorsal PDF positive projections of the s-
LNvs, previous studies have shown that DN2 cells do not contribute detectably to 
locomotor activity rhythms (Veleri, Brandes et al. 2003), however it has been proposed 
that they are involved in temperature sensing, similarly to LPNs (Miyasako, Umezaki 
et al. 2007). 
 
1.2.2.6 Dorsal Neurons 3 
 
 
DN3s are densely arranged and it has been shown that four to five cells are clearly 
larger than the rest of the DN3s (Shafer, Helfrich-Forster et al. 2006). The same study 
suggested that DN3s are not homogenious groups, but rather, each type of cell may 
contain identifiable neuronal subsets that will be distinguished in the future by 
separable molecular and anatomical phenotypes. Furthermore, genetic analysis in these 
neurons showed that these pacemaker cells are not sufficient to maintain locomotor 
rhythms under constant conditions (Veleri, Brandes et al. 2003). 
 
1.2.3 Clock Outputs 
 
 
Although there is progress in defining primary oscillators and clock-controlled 
transcripts, one of the least understood aspects of circadian clock function is how 
molecular oscillations regulate rhythmic outputs of the core oscillatory feedback loop 
to clock-controlled genes. DNA microarray studies have shown that up to 5% of 
transcripts in the fly head are expressed in a circadian rhythm (Claridge-Chang, Wijnen 
et al. 2001; Storch, Lipan et al. 2002). Despite gene cycling tissue specificity, cycling 
genes can be mapped to a broad range of functions including vesicle detoxification, 
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synaptic function trafficking, peptide synthesis, secretion, nutrient and intermediate 
metabolism (Claridge-Chang, Wijnen et al. 2001; McDonald and Rosbash 2001; 
Panda, Antoch et al. 2002; DiAngelo, Erion et al. 2011). Except the clock itself and the 
inputs to the clock, the circadian timekeeping is responsible for generating the daily 
rhythms of physiology and behaviour involving output elements from the clock through 
which it imposes daily rhythms on various physiological and behavioural parameters. 
In more recent years, four candidate signaling molecules have been identified as 
transmitters in the fly circadian system including, the short neuropeptide F (sNPF), the 
Neuropeptide Precursor-Like Protein 1 (NPLP1), the Ion Transport Peptide (ITP) and 
the best characterized Pigment Dispersing Factor (PDF). sNPF is expressed within a 
subset of the LNds and in the four PDF-positive s-LNvs in the male adult brain, ITP is 
expressed in one NPF positive LNd and in the 5th PDF-negative s-LNv (Johard, Yoishii 
et al. 2009). NPLP1 is expressed in the 2 DN1s: the cells of the DN1s cluster that do 
not express the transcription factor GLASS (Shafer, Helfrich-Forster et al. 2006). 
Among the neuropeptides expressed in the circadian clock neurons the most studied so 
far is PDF, consistently expressed by the l-LNvs and by four s-LNvs. PDF is 
rhythmically secreted by the dorsal projections of the s-LNvs and ectopic expression of 
the neuropeptide strongly affects the locomotor activity and the eclosion rhythms 
(Helfrich-Forster, Tauber et al. 2000), suggesting that rhythmic release of the PDF 
promotes information to the other nervous cells and to the locomotors centers. 
Furthermore, the vesicular Glutamate Transporter (DvGluT) is expressed within the 
DN1s in the larval brain and in some DN1s and DN3s in the adult brain and it was also 
found that the Glutamate receptor DmGluRA is expressed within the LNvs of both 
larvae and adults, implying that a glutamate signal from some of the DNs to the LNvs 
modulates the rhythmic behaviour pattern via DmGluRA (Hamasaka, Rieger et al. 
2007). 
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1.2.4 Entrainment of the Molecular Clock  
 
 
Internal daily biological timekeepers have evolved to provide organisms with the 
ability to anticipate daily changes in their environment and to organize their bodily 
functions in systematic schedule. The Drosophila  circadian clock is synchronized by 
environmental cues, such as light and temperature.  
Drosophila  uses at least three light input pathways for entrainment, including CRY, a 
blue-light photoreceptor related to the family of photolyase and involved in the 
synchronization of central and peripheral clocks, the compound eyes, and the 
extraocular photoreception, involving an internal structure known as the Hofbauer-
Buchner eyelet (Helfrich-Forster, Winter et al. 2001). CRY overexpression renders the 
flies sensitive to light pulses (Emery, So et al. 1998) and a mutation on the cry gene 
(cryb) show an altered ability to respond to light both at molecular and behavioural 
level (Stanewsky, Kaneko et al. 1998). More importantly cryb flies are rhythmic in 
constant light (LL), a condition that renders wild-type flies arrhythmic (Stanewsky, 
Kaneko et al. 1998). CRY levels oscillate within the clock neurons, with a trough 
during the day and a peak during the night and recently the pattern has been described 
(Yoshii, Todo et al. 2008). The main role of CRY within the molecular clock is to 
induce light-dependent TIM degradation by interaction with the PER-TIM complex in 
the presence of light (Ceriani, Darlington et al. 1999) but the CRY-TIM interaction 
involves a mutant variant of the F-box protein, called JETLAG, which is also involved 
in the light-dependent degradation of CRY (Peschel, Chen et al. 2009). 
The fly circadian clock can also be synchronized by temperature cycles (TC) with an 
amplitude as small as 3°C (Wheeler, Hamblen-Coyle et al. 1993) and once released in 
constant temperature they keep the rhythm of the previous TC (Busza, Murad et al. 
2007). There are different tissues and structures (e.g. legs, antennae, wings, heads) in 
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the fly body that can entrain to TCs in an autonomous manner (Glaser and Stanewsky 
2005; Francois, Despierre et al. 2012). Important components for the temperature 
entrainment of the circadian clock include norpA, a gene involved in the signaling 
pathway that regulates the thermosensitive splicing of per mRNA, and nocte, a 
mutation that renders flies defective in temperature entrainment (Sehadova, Glaser et 
al. 2009). 
 
 
1.2.5 Peripheral Oscillators  
 
 
Rhythmic clock gene expression has been observed in peripheral structures of the fly 
body, such as the thorax and abdomen, gut, salivary glands, gonads, compound eyes, 
fat bodies, Malpighian tubules and epidermis (Siwicki, Eastman et al. 1988; Zerr, Hall 
et al. 1990; Hardin 1994; Emery, Noveral et al. 1997; Giebultowicz and Hege 1997; 
Hege, Stanewsky et al. 1997; Kaneko, Helfrich-Forster et al. 1997; Plautz, Kaneko et 
al. 1997; Giebultowicz, Stanewsky et al. 2000; Beaver, Gvakharia et al. 2002; Tauber, 
Roe et al. 2003; Hughes, Hong et al. 2012).  
PER cycles in the Malpighian tubules in a similar manner as in the pacemaker neurons 
(Hege, Stanewsky et al. 1997), a pattern remained unaffected in decapitated flies. High 
degree of autonomy has been also observed when transplanted Malpighian tubules 
maintained their original phase, even when the host flies were entrained to a reversed 
LD cycle (Giebultowicz, Stanewsky et al. 2000). In addition, flies lacking LNvs or 
PDF, sustain circadian rhythms in egg-laying (Howlader, Paranjpe et al. 2006) and 
olfactory behaviour (Zhou, Yuan et al. 2005) suggesting that these rhythms are 
mediated by non-identified circadian related neurons.  
More recent studies attempted to understand some of the functions of the peripheral 
pacemakers. For example, it has been shown that a peripheral pacemaker located in the 
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epidermis, drives the rhythm in the two chitin layers, with different orientation, found 
in Drosophila  endocuticle (Ito, Goto et al. 2008). Following up this study it has been 
demonstrated that flies carrying a disrupted clock in the proboscis show a typical 
behaviour of starvation induced stress, leading to the identification of a peripheral 
circadian oscillator (Chatterjee and Hardin 2010). 
 
 
1.2.6 Similarities with the Mammalian Clock  
 
 
As Drosophila  has a central neuronal circuitry controlling clock related behaviour, the 
mammalian timekeeping is located in the suprachiasmatic nucleus (SCN) and is based 
on transcriptional feedback loops involving similar heterodimer PAS-containing 
proteins that act as transcriptional activators or repressors.  
The mammalian molecular clock consists duplications of several clock factors 
including, the genes mClk and Bmal1 (orthologs of the Drosophila  cyc gene) (Gekakis, 
Staknis et al. 1998) that activate the expression of negative regulatory elements like 
mPer1, mPer2 and mPer3 (orthologs of Drosophila  per); the genes mcry1 and mcry2 
(Kume, Zylka et al. 1999) and Rev-erba (Preitner, Damiola et al. 2002) which encode 
proteins that engage in negative feedback by blocking their own expression. The REV-
ERB protein binds to the Bmal1 promoter to repress its expression, which is activated 
by the retinoic acid-related orphan receptor (ROR) (Emery and Reppert 2004). 
 
Given that the circadian timekeeping mechanism is so well conserved in flies and 
mammals, it is reasonable to assume that all features of the feedback loops a basic 
clock mechanism was present in a common ancestor. However, there are some notable 
differences of the feedback loop function: 
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1. CRY1 and CRY2 seem to perform the function of dTIM protein but not be involved 
in light sensing as in Drosophila . Transcriptional feedback inhibition by PER and/or 
PER–TIM in Drosophila  has been replaced by CRY and/or CRY–PER in mammals 
(Gachon, Nagoshi et al. 2004).  
2. CRY is the most potent inhibitor of the circadian transcription activator 
CLOCK/BMAL1 in mammals, whereas PER is the most potent inhibitor of 
CLOCK/CYCLE heterodimer in Drosophila  (Kume, Zylka et al. 1999; Seay and 
Thummel 2011). 
3. The Bmal1 feedback loop in mammals is controlled by two orphan nuclear receptors, 
REV-ERB and ROR, rather than homologs of the bZIP factors VRI and PDP1 (Sato, 
Panda et al. 2004). Whereas the REV-ERB and ROR control the clock feedback loop, 
E75 (the Drosophila  orthologue of human REV-ERB) regulates development in 
Drosophila  and interferes with the repression of DHR3 (the Drosophila  orthologue of 
human ROR) (Pegoraro and Tauber 2011). 
4. Rhythmic transcription of genes encoding the mammalian homologs of CLK and 
CYC has been swapped; Bmal1 (the mammalian homolog of dCyc) and Clk (the 
mammalian homologue of dClk) are both constitutively transcribed (Gachon, Nagoshi 
et al. 2004). The activators of Drosophila  Clk and Cyc as well as mammalian Clk and 
Bmal1 are not known, therefore the underlying reasons for this swap remains 
unexplained.  
5. In peripheral tissues of mammals, events within the feedback loops occur at the same 
time of the day as corresponding events in Drosophila , whereas in the master clock of 
mammals, the same feedback loops are shifted 6 hours earlier compared to Drosophila  
(Glossop and Hardin 2002; Gachon, Nagoshi et al. 2004). 
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1.2.7 Effects of Disruption of Circadian Rhythms in Humans 
 
The most studied environmental stimulant that can disrupt circadian rhythms is light. 
Light, can be a potent regulator of human physiology and behaviour, for example light 
can disrupt the circadian organization of the production of hormones, such as 
melatonin, a natural produced hormone under circadian regulation (Brzezinski 1997; 
Johnson, Jain et al. 2012). There is evidence in support of the hypothesis that altered 
lighting can play a role in different human conditions including depression (Srinivasan, 
Smits et al. 2006), breast cancer causation (Blask, Brainard et al. 2005), diabetes 
(Spiegel, Knutson et al. 2005) and its effects in sleep disruption to other conditions 
such as prostate cancer (Kubo, Ozasa et al. 2006) and obesity (Spiegel, Tasali et al. 
2004). It is of growing concern that disruptions of circadian rhythms of physiology and 
behaviour have broader implications for human health. A history of clinical research in 
humans indicates that most heart related conditions peak at certain times during the day 
(Maron, Kogan et al. 1994) and clinical studies have also identified alterations in 
aspects of energy metabolism following partial sleep restriction (Wakamatsu, 
Yoshinobu et al. 2001). Association studies show an increased incidence of obesity and 
cardiovascular disease among shift workers, who are routinely subjected to fragmented 
working hours (Karlsson, Knutsson et al. 2001; Barf, Desprez et al. 2012) and 
decreased average nighttime sleep duration (Spiegel, Knutson et al. 2005). 
Animal models have been used to address the potential of identifying disease states that 
linked to malfunctions in the circadian timing system. For example mutation of specific 
clock genes has been tested for effects on cancer growth and it has been reported that 
mutation in the period 2 (Per2) increases susceptibility to radiation-induced lymphoma 
(Fu, Pelicano et al. 2002). In addition, exposure of rats bearing human breast cancer to 
light in night has been shown to stimulate tumor growth (Blask, Dauchy et al. 2005) 
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and simulation of jet lag in mice has been shown to increase growth of Glasgow 
osteosarcoma (Filipski, Delaunay et al. 2004). 
There are different physiological and behavioural variable changes in a rhythmic 
manner over the course of a day and additional factors emerging that have the same 
potential including the timing of meals, stress, alcohol and whether they have a 
significant negative impact on diagnosis and treatment plans need to be investigated. 
Sampling at different times of day and knowing the natural rhythm of the variable in 
question would enable the researchers and physicians to have a precise account of the 
status of the sample and patient, respectfully.   
 
1.3 Circadian Output in Drosophila  
 
 
1.3.1 Properties of Circadian Output 
 
 
Internal timekeeping systems can be classified depending on the length of their period: 
ultradian when their period is less than 24 hours, infradian when the rhythmicity is 
characterized by an interval longer than a day and circadian (from the Latin circa dies, 
which means: about a day) when the repeating interval is close to 24 hours (Dowse HB 
1987; Rosbash M 1989; Dowse HB 1992). To adapt their physiology and behaviour to 
changes in the environment, most organisms are equipped with circadian clocks. 
 
Various synchronizing cues from the surrounding environment, known as Zeitgebers 
(German for time-givers), are able to effectively entrain the circadian clock, including 
the light/dark cycle (LD), temperature fluctuations (Glaser and Stanewsky 2005), food 
availability (Schibler, Ripperger et al. 2003) and social interactions (Fujii, Krishnan et 
al. 2007). 
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Figure 4: Key properties of a circadian oscillation. (Taken from Bell-Pedersen, Cassone et al. 
2005) 
 Figure	  4 illustrates a circadian oscillation under a daily LD cycle in which the vertical 
axis represents the measurement of a particular circadian variability (locomotor 
activity), the difference in levels between the peak and trough values (indicated in Figure	  4) is called the amplitude of the rhythm, the phase represents a particular time 
during the cycle (the beginning of the night) and the period of a rhythm is defined as 
the time interval between two recurrences (two peaks). The synchronization of the 
clock is termed "entrainment" and it is an integral property of all circadian rhythms. 
Since circadian rhythms are guided by a molecular mechanism internally generated, 
they persist even in the absence of an environmental cue, in constant conditions (free-
running rhythm; purple horizontal areas in Figure	  4). A key property of the biological 
clock is the compensation of period length when changes occur in the environment. For 
example, the period of the rhythm of an organism remains the same in environmental 
conditions with varying temperatures, suggesting the existence of a buffering in the 
system to compensate for changes in rates of biochemical reactions (Bell-Pedersen, 
Cassone et al. 2005). 
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Rhythmicity of locomotor activity is governed by a pacemaker within a discrete set of 
neurons in the Drosophila  brain (reviewed in section 1.2.2), however molecular and 
physiological studies have also established the presence of autonomous circadian 
clocks (Plautz, Straume et al. 1997; Krishnan, Dryer et al. 1999; Giebultowicz, 
Stanewsky et al. 2000) making the understanding of the timing system increasingly 
complex.  
 
1.3.2 Interpretation of Circadian Output  
 
 
There are different levels of rhythmicity commonly studied in Drosophila , including 
the periodic pattern of eclosion (emergence of the adult at the end of metamorphosis) 
and the pattern of adult locomotion both of which are typically analyzed by 
periodogram functions (Wheeler DA 1993); whole flies or dissected organs (i.e. 
wings), can be assayed by luciferase-encoding DNA fused to regulatory sequences of 
the per clock gene (Plautz, Straume et al. 1997; Stanewsky 2007) courtship song from 
the male's wing vibrations have been shown to vary rhythmically with a period near 
one minute (Kyriacou and Hall 1980); the heartbeat exhibits a rhythm driven by a 
pacemaker oscillator with a frequency on the order of about 2 Hz (Rizki 1978). 
In Drosophila , adult behavioural rhythms are usually assayed by monitoring the 
locomotor activity of males as shown in Figure	   5. The activity is measured by the 
number of times the fly trips an infrared light (undetectable from the fly) with the 
counts collected every half hour for several days. Locomotor activity shows a bimodal 
distribution over the 24-hour LD cycle, which is characterized by morning and evening 
activity peaks during the lights-on and lights-off transitions, followed by a period of 
low activity also know as siesta.  
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Figure 5: Average distribution of locomotor activity in LD cycles. 
Average histograms of indicated genotypes show daily average activity of flies during the LD 
entrainment days. Four days of activity is shown. 
 
 
In Figure	  5, histograms represent the distribution of the activity throughout the 24-hour 
LD cycle, averaged for n=16 flies over three days of LD. Each figure shows activity in 
30 minutes interval and blue dots indicate SEM. Black arrows point to a phenomenon 
called anticipation, when the activity of wild-type flies gradually increases before both 
lights-on and -off transitions (yellow bar indicates lights on and black bar indicates 
lights off). In contrast anticipation of light transitions is lost in per0 mutants which they 
only display a startle effect as a response to lights-on and lights-off transitions. 
Circadian analysis of behaviour in flies can be viewed when daily traces of periods of 
activity are stacked vertically over successive days in the form of an actogram (Figure	  6). Within each actogram, a given row shows two consecutive days of activity; the 
second such day is re-plotted in the left half of the next row down (thus, consecutive 
days of locomotion can be viewed both horizontally and vertically); heights of bars 
within a given actogram row reflect varying amounts of locomotion per half-hour data-
collection bin.  In Figure	  6, a comparison between control yellow white (right) and per0 
(left) flies indicates the difference between a rhythmic and an arrhythmic fly, 
respectively.  
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Figure 6: Locomotor activity monitored in constant darkness (DD). 
Double-plotted locomotor actograms of the indicated genotypes (arrhythmic per0 and rhythmic 
y w), spanning 7 days in DD (gray area) after release from LD (white and gray area) entraining 
conditions is shown for individual male flies. The height of each bar indicates the amount of 
locomotion during a 30-min interval.  
 
 
After 3 consecutive days of LD entrainment, the lights are turned off and in constant 
darkness (DD), the endogenous rhythm emerges in the wild-type fly to keep the 
rhythmic behaviour, whereas the per0 displays and arrhythmic phenotype in 
concordance with a disrupted clock.  Because in control flies the period length is 
slightly shorter than 24 hours, the actogram output would drift leftward in constant 
darkness, something that distinguishes the internal from the external entrained 
Zeitgeber time (ZT).  
 
In summary, circadian clocks consist three defining properties: an input pathway 
through which external information reaches the clock, the central clock itself that 
generates a self-sustained circadian oscillation and the output pathways through which 
the clock regulates specific physiological processes.  
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1.4 Iron in Biology 
 
 
A number of transition metals including iron (Fe), function as integral components in 
chemical reactions and are essential micronutrients for all organisms (Mertz 1981). In 
biological systems, iron can be found in heme, iron-sulfur (Fe-S) proteins, ferritins, 
hemosiderins, lactoferrins, and transferrins and it has fundamental roles in 
photosynthesis, oxidative phosphorylation, oxygen transport, gene regulation, DNA 
synthesis, and citric acid cycle (Andrews 2000; Crichton, Wilmet et al. 2002; Hentze, 
Muckenthaler et al. 2004; Richier, Macey et al. 2012).  
Iron typically exists in two oxidation states: Fe3+ (ferric), or Fe2+ (ferrous), due to its 
ability to accept or donate an electron, thus it can be involved in the generation of toxic 
free radicals, resulting in oxidative damage of proteins and nucleic acid, leading 
eventually to cell death (Hentze, Muckenthaler et al. 2004). Therefore, its physiological 
concentration needs to be tightly regulated, to achieve an optimal balance between iron 
import and export, according to the amount of iron required to sustain the essential 
biochemical activities (Meyron-Holtz, Ghosh et al. 2004; Lee, Henras et al. 2005; Puig, 
Askeland et al. 2005; Bleackley and Macgillivray 2011). 
In humans, up to 70% of iron is present in hemoglobin in circulating erythrocytes, in 
the form of myoglobin, cytochromes, and iron-containing enzymes, up to 20% iron is 
stored in macrophages and hepatocytes (Lieu, Heiskala et al. 2001; Ganz 2012), 
whereas the remaining iron is stored in ferritin and hemosiderin (Conrad, Umbreit et al. 
1999).  
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1.4.1 Key Players in Mammalian Iron Metabolism 
 
Studies performed during the past 20 years have clarified the function in iron 
metabolism of proteins, such as ferritin, lactoferrin (Lf), melanotransferrin (MTf) and 
transferrin (Tf), and have led to the identification of new proteins including divalent 
metal transporter (DMT1) (Fleming, Migas et al. 1999), ferroportin-1 (FPN1) (McKie, 
Marciani et al. 2000), Nramp-2, hemochromatosis gene product (HFE) (Zoller, 
Pietrangelo et al. 1999), ceruloplasmin and hephaestin (Hp) (Testa 2002). Our 
understanding of systemic iron metabolism in mammals has advanced in the past 
decade, mainly as a result of the discovery of hepcidin, a peptide hormone produced 
primarily by the liver and secreted into the circulation, acting as a key regulator of 
whole-body iron homeostasis (Ganz 2003; Collins, Wessling-Resnick et al. 2008). 
Iron homeostasis is maintained through the coordinated regulation of the rate of iron 
uptake, storage and export. All three processes being regulated via transcriptional and 
post-transcriptional mechanisms by proteins that respond to changes in iron 
availability, which I discuss in the following sections. 
 
 
1.4.1.1 Dietary and Cellular Iron Uptake 
 
Before the daily loss of iron is compensated by dietary absorption through duodenal 
enterocytes, Fe3+ must be reduced to Fe2+ (Gunshin, Starr et al. 2005; Zhang and Enns 
2009). Then, inorganic iron can be taken into the cell through DMT1 (also known as 
NRAMP2) that acts as a ferrous-proton importer (Figure	   7) (Tandy, Williams et al. 
2000; Gunshin, Fujiwara et al. 2005). Dietary iron is also present in the form of heme 
(Le Blanc, Garrick et al. 2012), which can be transported across the membrane by the 
heme carrier protein-1 (HCP1). Fe2+ in heme is liberated by heme oxygenase-1 (HO1) 
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and in enterocytes enters the labile iron pool (LIP), a cytosolic compartment containing 
low molecular weight chelates and chaperone proteins (Picard, Govoni et al. 2000).  
Fe2+ is subsequently exported through the basolateral membrane of the enterocyte by 
FPN1 to the interstitial space (Figure	  7), where it is oxidized to Fe3+ by Hp (Petrak and 
Vyoral 2005; Han and Kim 2007), a membrane-bound homolog of the serum multi-
copper oxidase ceruloplasmin (Harris, Durley et al. 1999). Extracellular Fe3+ is then 
bound to Tf, a serum iron transport protein and transported through the circulation 
(Figure	  7) (Hentze, Muckenthaler et al. 2004). Transferrin is an iron supplier for the 
cells, due to its ability to bind iron with high affinity, a function dependent on its 
interaction with two membrane receptors, the transferrin receptor 1 and 2 (Hentze, 
Muckenthaler et al. 2004). 
 
Figure 7: The process of iron uptake and utilization. (Taken from Richardson, Lane et al. 2010) 
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1.4.1.2 Storage and Recycling 
 
 
Alterations in iron storage capacity help maintain iron homeostasis but the mechanism 
of iron release and recycling from ferritin continues to be debated. Most circulating 
iron in hemoglobin must be derived from the recycling of iron already within the 
circulatory system. This involves a process of recycling, where specialized scavenging 
macrophages engulf old erythrocytes, lyse them, and then hemoglobin is catabolized 
resulting in iron release, ready to be exported by transferrin-iron complexes into the 
bloodstream. Cells express receptors for transferrin-iron complexes on their surfaces, 
which enable them to obtain iron from the circulating blood. These receptors bind to 
and internalize the transferring-iron containing protein and once inside the cell, the iron 
portion that is not needed for immediate use is stored to ferritin, the internal iron 
storage molecule, which is present in all cells (Andrews 1998; Hentze, Muckenthaler et 
al. 2004). Ferritin will then supply iron when exogenous iron availability becomes 
limited.  
In mammals, most ferritin is in the cytosol, but there is also ferritin in mitochondria, 
and a small amount is found circulating in the serum. The cytosolic ferritin polymer 
consists of 24 subunits with each subunit folding in a 4-helical bundle. Joined together, 
the ferritin subunits form an almost spherical protein shell, able to sustain up to 4000 
atoms of iron as ferrihydrite (Harrison and Arosio 1996; Theil 2003). The 3D structure 
of ferritin is highly conserved in eukaryotes and prokaryotes, despite amino acid 
sequence identity of the subunits being in some cases as low as 15%. Higher 
eukaryotes have two major ferritin genes that encode subunits with different properties, 
generally named H (heavy) and L (light), and co assemble to form heteropolymers 
(Harrison and Arosio 1996; Hamburger, West et al. 2005). Any plausible assembly 
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ratio of H and L subunits is possible as long as they assemble into 24-mers, however, 
higher H-chain content leads to higher ferroxidase activity while higher L-chain 
content confers greater iron binding capacity (Harrison and Arosio 1996). H-rich 
ferritins are predominant in the heart and the brain whereas L-rich ferritins predominate 
in the liver and the spleen (White and Munro 1988; Cairo, Rappocciolo et al. 1991). 
Deletion of the H-ferritin gene is lethal in mice and mutations in L-chain ferritin are 
associated with neuroferritinopathy in humans, an inherited neurodegenerative disease 
characterized by a movement disorder and low serum ferritin (Ferreira, Bucchini et al. 
2000; Cozzi, Santambrogio et al. 2006).  
Mammals also have a mitochondrial ferritin (MtF), formed entirely of H-type subunits, 
that is important in regulating mitochondrial heme synthesis and sequester iron inside 
the mitochondrial matrix (Levi and Arosio 2004). MtF shares 55% sequence similarity 
with the L-chain subunit and 80% with the H-chain subunit (Galatro and Puntarulo 
2007). Serum ferritin is secreted from the liver and lymphocytes through the ER-Golgi 
pathway, it is derived from cytosolic H and L ferritins and is used clinically to assess 
iron stores (Ghosh, Hevi et al. 2004; Meyron-Holtz, Moshe-Belizowski et al. 2011). 
Moreover, previous research indicated that ferritin may have functions unrelated to its 
capacity to store iron. For example ferritin was reported to associate with 
apolipoprotein B in rat liver. Inhibition of the secretion of apolipoprotein B leads to an 
increase in endoplasmic reticulum-associated degradation of the apolipoprotein 
(Rashid, Hevi et al. 2002; Sundaram and Yao 2012). Another example involves H-
ferritin forming a complex with the chemokine receptor 4 (CXCR4), indicating that 
cytosolic H-ferritin is involved in chemokine receptor signaling (Theil, Matzapetakis et 
al. 2006). Similarly, iron-containing ferritin was found within an enzyme from rat liver 
responsible for catalyzing the oxidative metabolism of 5-formyltetrahydrofolate (Suh, 
Oppenheim et al. 2000). Moreover H-ferritin transfection in cultured cells caused the 
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induction of serine hydroxymethyltransferase enzyme (cSHMT), which is involved in 
folate metabolism (Oppenheim, Adelman et al. 2001). 
Finally, L-ferritin was found overexpressed in human melanoma cells, suggesting that 
it can enhance cell growth and improve resistance to oxidative stress in metastatic 
melanoma cells (Baldi, Lombardi et al. 2005) whereas, down-regulation of L-ferritin in 
metastatic melanoma cells resulted in a dramatic decrease in tyrosinase activity 
demonstrating the influence of proper maturation of tyrosinase (Maresca, Flori et al. 
2006). 
 
1.4.1.3 Regulation of Iron Metabolism  
 
To maintain a balance between iron uptake, transport, storage and utilization, all 
proteins must be regulated in a coordinated fashion in response to cellular metabolic 
needs. In mammalian cells, the expression of many key molecules in iron metabolism 
involve the interaction between specific sequence stem-loop structures, termed iron 
responsive elements (IRE) in mRNA and iron regulatory proteins 1 and 2 (IRP) 
(Richardson, Lane et al. 2010). 
Depending on their locations in mRNA, IREs act as suppressors or enhancers of 
translation of the key proteins in iron metabolism. The IRPs are RNA-binding proteins 
that bind to IREs in the 3′-UTRs (provide mRNA stability) and 5′-UTRs (block 
translation) of mRNAs of molecules. The IRE/IRP complex blocks ribosome binding 
and translation, in order to modulate the uptake, utilization, and storage of iron, but also 
prevents mRNA degradation of transcripts involved in export (Hentze, Muckenthaler et 
al. 2004). IRP-1 regulates iron homeostasis via binding IREs but it also acts as a 
cytosolic aconitase when containing an [4Fe-4S] cluster (Hentze and Kuhn 1996) 
however IRP-2 is the principal RNA-binding protein and is regulated by iron-
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dependent proteasomal degradation (Meyron-Holtz, Ghosh et al. 2004; Cairo and 
Recalcati 2007). 
Early studies of iron metabolism focused on iron absorption in the duodenum (McKie, 
Barrow et al. 2001) followed by its delivery to tissues through Tf (Yoshiga, Georgieva 
et al. 1999). During the last decade additional proteins have been discovered that 
mediate iron homeostasis regulation independently of the IRE/IRP complex. Animal 
models have been crucial in discovering the roles in iron homeostasis and disease 
(Dunn, Rahmanto et al. 2007) of molecules such as FPN1 (Donovan, Brownlie et al. 
2000), hepcidin (Fleming and Sly 2001), transferrin receptor-2 (TfR2)  (Bilaud, Brun et 
al. 1997) and HFE (Hashimoto, Hirai et al. 1997). Cytokines, such as tumor necrosis 
factor-α and interleukin-1 have an effect on the in iron homeostasis by stimulating H-
ferritin expression but inhibit TfR1 expression, whereas interferon-γ induces DMT-1 
expression but reduces ferroportin expression (Torti and Torti 2002). Hemochromatosis 
protein (HFE), a heterodimeric membrane protein that form noncovalent associations 
with βb2-Microglobulin (βb2-M), bind to TfR1, leading to reduced binding affinity of 
Tf to TfR1, subsequently reducing iron uptake (Roy, Penny et al. 1999). Moreover, 
hepcidin, a hormone and a negative regulator of iron metabolism, regulates the 
expression of FPN1 (Meyron-Holtz, Ghosh et al. 2004; Nemeth, Tuttle et al. 2004) 
whereas, mutations of TfR2 and HFE, affect hepcidin expression, thus indirectly 
regulate iron metabolism (Wallace, Summerville et al. 2005). Preliminary experiments 
indicate that duodenal DMT1 and Dcytb are also negatively regulated by hepcidin 
(Viatte, Lesbordes-Brion et al. 2005; Ganz and Nemeth 2012). 
Finally, heme can influence the expression of ferritin, since it can induce ferritin 
transcription, by disrupting the binding of the transcription regulator, Bach1, binding to 
an upstream antioxidant responsive element (ARE) in the promoter region of ferritin 
DNA (Torti and Torti 2002).  
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1.4.1.4 Mitochondrial Iron Metabolism  
 
 
Once iron is transported into the mitochondrion it can then be used for heme synthesis, 
iron-sulfur clusters (ISC) synthesis or stored in MtF (Hentze, Muckenthaler et al. 2004; 
Lill, Hoffmann et al. 2012). Mitochondria are a major source of reactive oxygen 
species, thus its crucial to iron metabolism to maintain a safe environment to prevent 
oxidative damage. Hence, iron is transported within the mitochondrion, isolated from 
the aqueous environment, in the hydrophobic pockets of interlinked proteins that form 
iron transport pathways. Although the molecular nature of the iron chaperones or other 
forms of labile iron remains unclear, the pathways that insert iron into cofactors have 
been described and are discussed below. 
 
1.4.1.4.1  Heme Biosynthesis / catabolism 
 
 
About 15% of heme synthesis takes place in the liver where heme is incorporated into a 
number of metabolic enzymes, such as p450s, and the remaining 85% is synthesized in 
erythroid progenitors for incorporation primarily into hemoglobin. The heme 
biosynthesis pathway composed of eight sequential reactions (Ferreira, Franco et al. 
1994; Fuqua, Vulpe et al. 2012) where the first and last three steps in the heme 
biosynthesis pathway take place in the mitochondrion (Figure	  8). 
Initially, 5-aminoleuvulinate synthase (ALAS) catalyzes the condensation of glycine 
and succinyl CoA to form 5-aminolevulinate (ALA).  ALA is then transported to the 
cytosol, where porphobilinogen synthase dimerizes two molecules of ALA to produce 
the pyrrole ring compound porphobilinogen. The next step in the pathway involves the 
condensation of four molecules of porphobilinogen to produce the linear tetrapyrrole 
intermediate, hydroxymethylbilane. The enzyme for this condensation is 
porphobilinogen deaminase (PBG deaminase), also called hydroxymethylbilane 
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synthase. Hydroxymethylbilane is converted to uroporphyrinogen III, the next 
intermediate on the path to heme, a step is mediated by a holoenzyme comprised of 
uroporphyrinogen synthase III. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the cytosol, the acetate substituents of uroporphyrinogen III are decarboxylated by 
the enzyme uroporphyrinogen decarboxylase. The resultant product is known as 
coproporphyrinogen III, the fifth intermediate in heme synthesis. Coproporphyrinogen 
III is transported to the intermembrane space of the mitochondrion, and a series of 
subsequent reactions yield protoporphyrinogen IX, protoporphyrin IX leading to the 
final reaction in heme synthesis that involves the insertion of the iron atom into the ring 
system generating heme, a reaction enzyme catalyzed by ferrochelatase on the 
intermembrane of mitochondria. 
Figure 8: Schematic illustation of heme biosynthesis. (Taken from Schultz, Chen et 
al. 2010) 
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As discussed earlier, cells of the reticuloendothelial system engulf red blood cells and 
heme and the globin is recycled or catabolized as required. Cells increase exponentially 
their capability of degrading heme in response to oxidative stress, by an induction of 
heme oxygenase (HO). In the first step of degradation, heme is converted to biliverdin 
by the enzyme heme oxygenase (HO). In the next reaction a second bridging methylene 
is reduced by biliverdin reductase, producing bilirubin. Bilirubin is significantly less 
extensively conjugated than biliverdin causing a change in the color of the molecule 
from blue-green (biliverdin) to yellow-red (bilirubin). ((Schultz, Chen et al. 2010) 
 
1.4.1.4.2  Iron-Sulfur Cluster Biosynthesis 
 
ISCs are present in more than 200 different types of enzymes or proteins. Being a 
major site of ISC assembly, the mitochondrion plays a key role in the biosynthesis of 
ISC proteins (Napier, Ponka et al. 2005). The most common ISCs are [2Fe-2S] or [4Fe-
4S] clusters (Lill and Muhlenhoff 2008), cofactors of proteins that perform vital 
functions, such as electron transport, redox reactions, metabolic catalysis (Lill, 
Dutkiewicz et al. 2006).  
Although in nature there are three distinct types of ISC assembly machinery, termed the 
NIF, ISC and SUF systems, mammals only use the ISC assembly systems. In each case 
the overall mechanism involves cysteine desulphurase-mediated assembly on scaffold 
proteins and then transferred to apo-proteins. The mechanism involved in iron delivery 
to ISCU is not clear, but it has been suggested to involve frataxin, an iron chaperone 
involved in ISC, as an iron donor (Lill and Muhlenhoff 2008). Moreover, it was 
previously hypothesized that frataxin regulates mitochondrial iron utilization, acting as 
a metabolic switch between heme synthesis and the genesis of ISCs (Becker, Greer et 
al. 2002). The mitochondrial transporter ABCB7 participates in the biogenesis and 
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maturation of ISCs, however the mode of action is unclear (Bekri, Kispal et al. 2000). 
Cytosolic ISC protein biogenesis requires precursors, which are processed by the 
cytosolic ISC assembly (CIA) machinery that involves the NUBP1 and 2, IOP1, CIA01 
and CIAPIN1 (Lecerof, Fodje et al. 2000; Lill 2009). Initial ISC cluster assembly on 
the ISCU1 and 2 scaffold requires sulfide from NFS1/LYRN1 (mammalian 
homologues of Drosophila  NFS1/Isd11), iron from frataxin, and electrons from 
FDX/FDXR (Tenhunen, Marver et al. 1969). HSPA9, HSCB, and Mge1, protein 
chaperon and co-chaperons, along with the glutaredoxin Grx5 facilitate transfer of the 
cluster from the ISCU1 and 2 scaffold to apo-targets (Boehning and Snyder 2002; 
Katayama, Kondo et al. 2003; Oberpichler, Pierik et al. 2011). Maturation of subsets of 
ISC proteins in mitochondria requires additional assembly factors, including huIND1, 
ISCA1 and 2, and Clorf69 (mammalian homologue of Drosophila  Iba57) (Bych, 
Kerscher et al. 2008; Boyd, Drevland et al. 2009). 
 
1.4.1.4.3  Iron Storage in Mitochondria  
 
 
Like a typical ferritin, MtF shows ferroxidase activity and binds iron, in contrast to 
cytoplasmic ferritin, MtF is encoded by an atypical intronless gene (Levi, Corsi et al. 
2001). MtF transcripts do not contain a functional IRE sequence, and thus are likely not 
post-transcriptionally regulated by iron and attribute making MtF significantly different 
from the cytosolic ferritins. MtF plays a role in separating iron away from heme and 
ISC synthesis in the mitochondrion, leading to an alteration of whole-cell iron 
metabolism (Nie, Sheftel et al. 2005). Similar alterations of gene expression also occur 
after ablation of frataxin expression (Whitnall, Suryo Rahmanto et al. 2008) and 
indicate communication between the cytosol and mitochondrion. 
The human MtF crystallographic structure (Langlois d'Estaintot, Santambrogio et al. 
2004) and in vitro functional properties are similar to those of the cytosolic H-ferritin, 
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with one notable difference, a lower ferroxidase activity (Bou-Abdallah, Santambrogio 
et al. 2005). Mitochondria are easily exposed to oxidative damage, through ROS, and 
at the same time require high level of iron for heme and iron sulfur enzymes. Although 
very little is known on the regulation of iron homeostasis in mitochondria and on the 
mechanisms of defense from oxidative damage, there are likely possibilities that MtF 
plays a role in both.  
 
1.4.2 Disorders of Iron Metabolism  
 
 
Disorders of iron homeostasis are among the most common in humans since 
approximately 15% of the world’s population has anemia due to iron deficiency 
(Baynes and Bothwell 1990; Manzini, Manzini et al. 2012), sometimes leading to 
impaired immune function and poor cognitive development (Beard, Dawson et al. 
1996). The commonest reason for anemia is iron deficiency and the two main types of 
iron deficiency are iron-deficiency anemia and anemia of chronic inflammation. The 
first is characterized by increased levels of free protoporphyrin and zinc protoporphyrin 
in erythrocytes and results in decreased work productivity, increased child and maternal 
mortality, slowed child development, as well as increased susceptibility to infectious 
disease (Scholl, Hediger et al. 1992; Idjradinata and Pollitt 1993; Stoltzfus 2001). The 
second is anemia of chronic inflammation results from a defect in iron recycling, 
leading to reticuloendothelial iron increase in bone marrow macrophages (Ferguson, 
Skikne et al. 1992). The pathophysiology of anemia of chronic inflammation is not 
understood and the only effective treatment for anemia of chronic inflammation is 
correction of the underlying disorder (Andrews 1999). 
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Whereas iron-deficiency anemia usually results from inadequate dietary iron intake or 
excessive blood loss, iron overload is almost always caused by increased iron 
absorption. The main iron overload characteristic patterns include hereditary 
hemochromatosis and transfusional iron overload. In hereditary hemochromatosis, 
plasma iron content exceeds the iron-binding capacity of transferrin and iron is 
deposited in parenchymal cells of the liver and the heart, whereas transfusional iron 
overload results from the increased catabolism of erythrocytes due to an iron 
accumulation in reticuloendothelial macrophages (Andrews 1999; Wang and 
Pantopoulos 2011). Both forms of iron overload can progress to parenchymal 
deposition and organ damage, if left untreated.  
The majority of patients with hemochromatosis carry a unique missense mutation 
(C282Y) that alters the function of a major-histocompatibility-complex class I-like 
protein designated HFE (Feder, Gnirke et al. 1996), but it is notable that a subgroup of 
patients with hereditary hemochromatosis, do not have mutations in HFE. The 
discovery of hepcidin has helped understand the molecular basis of hereditary 
hemochromatosis, since a deficiency has been reported in hereditary hemochromatosis 
and attributed to mutation in hepcidin itself (Hentze, Muckenthaler et al. 2004; 
Papanikolaou, Tzilianos et al. 2005). 
African iron overload involves iron loading of Kupffer’s cells resulting in a defect in 
erythroid iron recycling (Gangaidzo, Moyo et al. 1999) with patients being more 
susceptible to infections. In rare instances, iron overload develops at a greatly 
accelerated rate in a disorder termed juvenile hemochromatosis and patients are likely 
to develop cardiomyopathy and endocrinopathy (Camaschella, Roetto et al. 1997).  
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Moreover, other iron overload conditions include, neonatal hemochromatosis is 
characterized by massive hepatic iron loading and liver failure in the perinatal period 
(Goldfischer, Grotsky et al. 1981), aceruloplasminemia is characterized by low serum 
ceruloplasmin levels result from a copper-transport defect (Harris, Takahashi et al. 
1995; Wolkow, Song et al. 2011) and transfusional siderosis, which iron is deposited in 
the hepatocytes, the myocardium, and endocrine tissues (Gupta, Sharma et al. 2011). 
 
Regarding ferritin, a single causative mutation in the IRE motif of H-ferritin has been 
reported so far, in four members of a Japanese family affected by dominant inherited 
iron overload (Kato, Fujikawa et al. 2001). In contrast, heterozygous mutations in the 
5′UTR of the L-ferritin may cause hereditary hyperferritinemia cataract syndrome, 
while the ones that modify the C- terminal part of the sequence may cause hereditary 
ferritinopathies with neurodegeneration (Arosio, Ingrassia et al. 2009).  
 
Examples of mitochondrial diseases involving the processes of mitochondrial iron 
metabolism are Friedreich’s ataxia (FA) and sideroblastic anemia. FA leads to severe 
neuro- and cardio-degeneration and it is caused by a deficiency of frataxin, a vital 
protein that is highly expressed in tissues rich in mitochondria, with deletion leading to 
lethality (Koutnikova, Campuzano et al. 1997; Cossee, Puccio et al. 2000).  
Finally, in sideroblastic anemia, associated with a heme synthesis defect, there are 
several factors playing a role in pathogenesis including iron cannot be used for heme 
synthesis, lack of heme and the iron can leave erythroid mitochondria (Bottomley 
2006; Fleming 2011). 
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1.4.3 Drosophila  Iron Metabolism 
 
 
In vertebrates, iron absorbed from diet in the gut, is transferred to the hemolymph and 
its then transported and taken up by individual cells to be used or stored for future use. 
Insects do not require constant supplies of iron for hemoglobin biosynthesis (Beitel and 
Krasnow 2000) and as a consequence, some aspects of systemic iron homeostasis differ 
between invertebrates and vertebrates. However, like vertebrates, insects must balance 
the essential for survival but also detrimental if unregulated, properties of iron. 
Therefore they have evolved distinctive forms of the serum iron transport protein, 
transferrin (Dunkov and Georgieva 2006), and the storage protein, ferritin (Missirlis, 
Holmberg et al. 2006; Missirlis, Kosmidis et al. 2007) and iron regulatory proteins 
(Lind, Missirlis et al. 2006). 
 
Drosophila  has three Tfs, and the main difference from the mammalian Tfs is that the 
insect Tfs bind 1 atom of ferric iron, rather than 2 atoms bound by mammalian Tf 
(Dunkov and Georgieva 2006). Tsf1 is abundant in the hemolymph while Tsf2 and 
Tsf3 are similar to mammalian melanotransferrin (Dunkov and Georgieva 2006; 
Recalcati, Invernizzi et al. 2008). Insect Tfs are proposed to play a role in iron 
transport, however since no transferrin receptor has been found in Drosophila , the 
importance of Tf in iron transport to tissues has been questioned (Nichol, Law et al. 
2002; Dunkov and Georgieva 2006). Tf also as antibiotic agent since its upregulated 
during infection possibly to sequester iron from invading pathogens (Nichol, Law et al. 
2002), however Tf message levels decrease during high iron conditions in Drosophila  
(Yoshiga, Georgieva et al. 1999). 
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Vertebrates are varying the expression of metal transporters (DMT1 or Nramp2 see 
section 1.4.1.1) to control gut iron absorption. The Drosophila  homologue of the 
mammalian NRAMP1 and 2 (discussed in section 1.4.1.1) is Malvolio (Mvl), 
suggesting that Mlv might be a multifunctional protein since the Drosophila  has a 
single copy of the NRAMP gene family (Folwell, Barton et al. 2006). Expression of 
Mvl was observed in macrophage-like cells, malpighian tubules, testis and brain 
(Folwell, Barton et al. 2006) and in addition to its role in intestinal iron absorption, a 
recent study has shown iron supplementation in Drosophila  restored total body iron 
concentrations in Mvl mutants, suggesting a role for Mvl in systemic iron trafficking 
(Bettedi, Aslam et al. 2011).  
Ferritins have been studied for several decades and as the major iron storage molecule 
in nature they are conserved with variations in their composition, subcellular 
localization and regulation in different organisms (Harrison and Arosio 1996; Arosio, 
Ingrassia et al. 2009; Marchetti, Parker et al. 2009). Although both vertebrates and 
invertebrates have three ferritin genes, there are important differences between them.  
Drosophila  has abundant ferritin in the hemolymph and in the secretory pathways of 
the cells, present in intracellular membrane-bound compartments of the vacuolar 
system (Locke and Leung 1984; Locke 1991; Nichol, Law et al. 2002; Missirlis, 
Kosmidis et al. 2007), unlike in mammals, where ferritin is predominantly localized in 
the cytosol, suggesting a different subcellular localization for ferritins in iron 
homeostasis in Drosophila . in vivo expression of GFP (green fluorescent protein) 
tagged holoferritin in Drosophila  show that iron-loaded ferritin molecules traffic 
through the Golgi organelle and are secreted into the haemolymph (Missirlis, Kosmidis 
et al. 2007). 
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In mammals, the major iron stores are the hepatocytes, composing the liver whereas in 
the absence of a corresponding organ in Drosophila  other tissues carrying out the same 
physiological functions such the oenocytes for lipid-processing functions (Gutierrez, 
Wiggins et al. 2007) and the iron cells for iron storage in the middle midgut (Mehta, 
Deshpande et al. 2009). The genes encoding the secreted form of ferritin H and L 
subunits are Fer1HCH (Ferritin 1 Heavy Chain Homologue; producing one subunit of 
19 kDa) and Fe2LCH (Ferritin 2 Light Chain Homologue; producing two subunits of 
16 and 21 kDa) (Charlesworth, Georgieva et al. 1997; Georgieva, Dunkov et al. 1999; 
Missirlis, Kosmidis et al. 2007). Fer1HCH and Fer2LCH are neighboring genes, 
transcribed in opposite directions, and most likely share common cis-regulatory 
elements (Georgieva, Dunkov et al. 1999). Fer1HCH has a ferroxidase activity that 
oxidizes Fe2+ to Fe3+, while Fer2LCH is associated with iron nucleation and protein 
stabilization (Hamburger, West et al. 2005). 
Ferritin upregulation in response to oxidative stress suggests an antioxidant role in 
insects (Vierstraete, Verleyen et al. 2004). Fungal infection was found to decrease the 
expression of both subunits, while bacterial infection lead to an increase in HCH 
expression (Levy, Bulet et al. 2004). Differential expression of both subunits after 
infection implies that ferritins are involved in the insect immune response (Dunkov and 
Georgieva 2006). 
Drosophila  has a homologue of mitochondrial ferritin as well, Ferritin 3 Heavy Chain 
Homologue (Fer3HCH), expressed mainly in the testis with residues implicated in 
ferroxidase activity conserved (Missirlis, Holmberg et al. 2006). Overexpression of 
Fer3HCH decreases viability of female flies when raised under iron deficient 
conditions, suggesting that this protein may sequester iron in mitochondria at the 
expense of other cellular functions (Missirlis, Holmberg et al. 2006). 
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Another conserved aspect of ferritin regulation in Drosophila  is the use of iron 
regulatory proteins (IRPs) and iron responsive elements (IREs).  IRPs permit iron-
responsive translational control of protein synthesis by binding to IREs found in UTRs 
of mRNAs encoding several proteins including ferritin and succinate dehydrogenase 
subunit B (SdHB) (Zamore, Tuschl et al. 2000; Missirlis, Kosmidis et al. 2007). 
Drosophila  has 2 homologues of IRP1 (IRP1A and IRP1B), but no homologue of 
IRP2 (Muckenthaler, Gunkel et al. 1998) and only IRP1A can bind to IREs (Lind, 
Missirlis et al. 2006). Only the mRNA of Fer1HCH (in an intron that may be spliced 
out) and SdHB contain IREs whereas there is no evidence for IRE sites on the mRNAs 
of Fer2LCH and Fer3HCH (Gray, Pantopoulos et al. 1996; Charlesworth, Georgieva et 
al. 1997; Muckenthaler, Gunkel et al. 1998). In a previous study, it has been reported 
that iron fed adult flies display a 2-fold increase in Fer2LCH message levels than in 
LCH protein levels suggesting the possibility of transcriptional regulation of Fer2LCH 
(Georgieva, Dunkov et al. 2002). 
 
 
 
1.5 Links Between Iron Metabolism and the Circadian Clock  
 
 
Time-of-day-dependent oscillations are observed in both animal models and humans, 
ranging from levels of circulating nutrients to cardiovascular function and from neural 
activity to energy metabolism (van den Buuse 1999; Martino, Arab et al. 2004; Bray, 
Shaw et al. 2008). Despite a growing appreciation of the integral relation between 
circadian clocks and key metabolic pathways (Wijnen and Young 2006; Connor and 
Gracey 2011), little is known regarding proteins requiring iron cofactors involved in 
such metabolic pathways (Hentze, Muckenthaler et al. 2010) 
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Figure 9: A simplified model of the mammalian circadian feedback loops in relation to the 
heme cofactor (h). 
 
Heme, the cofactor in which iron is coordinated to protoporphyrin IX, has been 
implicated in the mammalian molecular clock mechanism, since it functions as 
prosthetic group for clock transcription factors NPAS2 (Dioum, Rutter et al. 2002), 
REV-ERBα and β (Raghuram, Stayrook et al. 2007; Yin, Wu et al. 2007) and PER2 
(Kitanishi, Igarashi et al. 2008; Hayasaka, Kitanishi et al. 2011) (Figure 9). Injection of 
heme into mice was shown to alter the rhythmic expression of the core molecular clock 
transcription factors PER1 and PER2 (Kaasik and Lee 2004). NPAS2/BMAL1 
heterodimers regulate the expression of Alas1, the rate-limiting enzyme of the heme 
biosynthetic pathway, providing an example of clock regulation of a metabolic pathway 
that itself feeds into the clock. In addition, REV-ERB acts as a transcriptional 
repressor, since it inhibits transcription of Bmal1 as part of a cell-autonomous feedback 
loop (Guillaumond, Dardente et al. 2005). 
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In Drosophila  the single homologue of REV-ERB, known as Nuclear Receptor E75, 
contains heme and is also gas responsive (Reinking, Lam et al. 2005), but despite the 
presence of multiple binding pockets for heme to clock transcription factors, a role for 
heme in the circadian clock of Drosophila  has not been demonstrated to date. 
 
During the course of my Ph.D., I participated in a study that revealed the first ever link 
between iron metabolism and the circadian rhythms in Drosophila . In this study we 
reported that despite inducing expression of ferritin in all glia cells, ferritin only 
accumulated in a subset of glia located in one particular brain region (the lamina of the 
optic lobes) (Missirlis, Holmberg et al. 2006; Missirlis, Kosmidis et al. 2007). We 
tested these flies overexpressing ferritin subunits in glia for behavioural alterations in 
elicited locomotion at different times during their lifespan and checked their ability to 
maintain circadian rhythms in the absence of environmental inputs. Although 
transgene-induced glia ferritin subunit expression was well tolerated throughout 
development and in young flies, it turned disadvantageous at older age since we 
observed a late-onset behavioural decline, characterized by loss of circadian rhythms in 
constant darkness and impairment of elicited locomotor responses (Kosmidis, Botella 
et al. 2011). In addition to the main scientific goal of understanding metal trafficking in 
the insect’s brain, disturbance of circadian rhythmicity, suggested that these flies can be 
used to study the relevance of brain iron trafficking to the function of the circadian 
clock. 
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1.6 Research Objectives 
 
 
The discovery by Schibler that peripheral tissues express self-sustained periodic 
oscillators (Balsalobre, Damiola et al. 1998) initiated studies in the co-regulation of 
metabolic and circadian networks. More importantly, alterations in normal circadian 
rhythmicity have been associated to several human conditions (see section 1.2.7). 
Due to the fact there is limited background literature for interplay between circadian 
clocks and iron metabolism, I sought to explore any potential links between the 
endogenous circadian clock and iron metabolism of the fruit fly Drosophila  
melanogaster, to obtain insights and subsequently define the impact of the clock 
network on iron metabolism and vice versa.  
 
In order to address this possibility, the main aim of my Ph.D. was to identify new 
players that underlie such a relationship. I have taken advantage of previous research 
conducted in Drosophila  and I have made use of forward genetic screens to isolate 
new components. For the most prominent candidate, I have used 
immunohistochemical, immunofluorescence and behavioural techniques to assay and 
monitor the central components of the circadian clock as read out for my screens. 
 
My first hypothesis was based on the fact that physiological processes such as feeding 
and sleeping behaviour displaying day-night rhythms, therefore important components 
of the Drosophila  iron homeostasis could also fluctuate over time, something that 
might be regulated by the circadian clock.  To address this hypothesis, I employed three 
well-established assays including a protein estimation assay to measure total and 
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subunit levels of the iron storage protein, ferritin, an assay for quantifying heme, a 
prosthetic group of hemoproteins and an enzymatic assay to monitor the activity of 
aconitase, a bifunctional protein serving both as an enzyme in citric acid cycle and as 
an IRP when iron levels are low. Measurements from clock control and clock mutant 
lines were compared and the results are outlined and discussed in Chapters 3 and 6, 
respectively.  
 
My second hypothesis was based on the fact that the repercussion of a single genetic 
alteration is not limited to one biochemical pathway and components of unrelated 
biochemical pathways may be altered.  To test the idea that effects of downregulating 
iron homeostasis genes might alter the behaviour of the flies I have used the UAS-
Gal4-RNAi system (see section 2.2) to mediate targeted gene silencing and subsequent 
behavioural analysis of the F1 progeny to obtain individual locomotor activity profiles. 
My findings are outlined and discussed in Chapters 4, 5 and 6. 
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Chapter 2: Materials and Methods 
 
 
 
2.1 Drosophila  Stocks 
 
All flies were reared as previously described at 25°C under LD conditions (Stanewsky 
2005). RNAi lines were obtained from the Vienna Drosophila  RNAi Centre (VDRC) 
and screened for a rhythmic behavioural output (Appendix A, Table 14). The UAS-
Dicer2 transgene (Dietzl, Chen et al. 2007) was crossed into selected Gal4 fly lines and 
into the UAS-Fer1HCH-RNAi and UAS-Fer2LCH-RNAi lines to enhance the potency of 
RNAi. UAS-CD8-GFP was recombined to UAS-Fer2LCH-RNAi line to evaluate the 
morphology of clock neurons following RNAi. Gal4 expression patterns for the drivers 
I have used have been described previously for tim27-Gal4; tim62-Gal4; tim82-Gal4; 
tim86-Gal4; cry39-Gal4; cry19-Gal4; mai179-Gal4; clk4.1M-Gal4; clk4.5F-Gal4; 
pdf-Gal4; tim-Gal4, cry-Gal80; tim-Gal4, pdf-gal80 (references within text). 
Behavioural analysis of all Gal4 drivers, UAS and candidate RNAi fly stocks was 
performed in order to control for any genetic background effects (Appendix A, Table 
14). Elav-Gal4 (pan-neuronal); TH-Gal4 (dopaminergic neurons); GMR-Gal4 
(photoreceptors); Midgut-Gal4 (intestine); RG-Gal4 (ring gland); Actin-Gal4 
(ubiquitous); Repo-Gal4 (glia throughout all life stages); Nrv2-Gal4 (adult glia only) 
are available from the Bloomington Stock Center. cry17b-Gal4 was a gift by François 
Rouyer and was characterized here by crossing to UAS-GFP (Figure	   29). UAS-
Fer1HCH and UAS-Fer2LCH lines have been described and characterized in detail 
elsewhere (Missirlis, Kosmidis et al. 2007). Fer2LCH212-Gal4 and Fer2LCH303-Gal4 
were obtained from Bloomington Stock Center and characterized here by crossing to 
UAS-RFP (Figure 31). 
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2.2 RNA-interference in Drosophila  using the Gal4-UAS 
system 
 
 
To investigate the functions of protein-coding genes involved in iron metabolism, I 
used RNA interference (RNAi) to knock down the activity of the target genes. The 
RNAi pathway is initiated by the enzyme Dicer2, an endoribonuclease in the RNase III 
family, which cleaves long double stranded RNA (dsRNA) into short fragments of 21-
25 nucleotide small-interfering RNA (siRNA). Each siRNA is unwound into two single 
–stranded RNA (ssRNA), the passenger (which is degraded) and the guide that is 
incorporated into the RNA-induced silencing complex (RISC). Consequently, the 
incorporation of the guide strand into the RISC, brings a loss-of-function mutation 
phenotype to the host cell, since the guide strand base pairs with a complementary 
sequence of a mRNA molecule and induces cleavage by Argonaute, the catalytic 
component of the RISC (Kaneko and Hall 2000; Duffy 2002; Dietzl, Chen et al. 2007). 
I coupled the RNAi with the Gal4-UAS gene expression binary system to induce a 
conditional loss-of-function mutation in the fly (Duffy 2002). Gal4 encodes a protein of 
881 amino acids, identified in the yeast Saccharomyces cerevisiae as a transcriptional 
factor able to bind DNA sites, at defined Upstream Activation Sequences (UAS). The 
Gal4-UAS system, requires two fly lines, one is the Gal4 driver fly line, which 
expresses Gal4, in a specific cell/tissue or at a specific developmental stage and a 
second fly line which harbors a transgene on the chromosome, in which the gene to be 
expressed is present downstream to the UAS promoter, the Gal4 target (Figure	   10). 
Upon mating, in flies carrying both the Gal4 and the UAS chromosomes, the Gal4 
protein induces target transgene expression in a driver-specific conditional fashion.  In 
addition, I have used the Gal4-UAS system in concert with RNAi transgenic fly lines 
and the UAS-Dicer2 transgene to enhance the potency of RNAi.  
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Figure 10: Schematic representation of the GAL4-UAS-RNAi system. 
 
 
To further study the function of the clock cells, in relation to iron metabolism genes, I 
used a novel ternary expression system to refine the spatial resolution of clock cell 
targeting. The specific tool takes advantage of the fact that Gal4 is a two-domain 
protein. It has a binding domain on the N-terminal to attach on the UAS and an 
activating domain on the carboxyl terminal where another protein, the Gal80 can bind 
and block its activation. This way in cells containing the Gal80 protein, Gal4-
dependent expression of a UAS–gene can be repressed and by contrast, cells containing 
Gal4 but lacking Gal80 will express the UAS–gene (Stoleru, Peng et al. 2004). 
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2.3 Behavioural Analysis 
 
 
Analysis of locomotor activity was performed using the Drosophila  Activity Monitor 
System (DAM) (Trikinetics Inc., Massachusetts). Five to seven day old flies were 
placed inside a glass tube (5 mm diameter × 65 mm length), in which one third of the 
tube was covered with fly food (2% Bacto-agar, 4% sucrose), with paraffin cap to 
prevent desiccation. After the fly was added, using a brush, in the tube, a cotton plug 
was used to seal the other end of the tube. The DAM monitors were located inside a 
light- and temperature-controlled incubator where the fly’s activity was monitored for 
up to two weeks. The DAM locomotor monitor measures the simultaneous individual 
activity of 32 flies as the fly walks back and forth from one end to the other. The 
detection system involves an infra-red beam which goes through the tube, and assigns a 
count of 1 or 0 if it hits the fly or not. The data are sampled every 30 min and counted. 
The raw data were then collected and analysed using a signal-processing tool-box 
(Levine, Funes et al. 2002) implemented in Matlab (MathWorks), which generated the 
graphical representation of the activity and analysis of rhythmicity. 
The fly behaviour outputs used in this study involve:   
Actogram, a graphical double-plotted representation of activity versus time, where a 
given row shows two consecutive days of activity; the second such day is re-plotted in 
the left half of the next row down (thus, consecutive days of locomotion can be viewed 
both horizontally and vertically); heights of bars within a given actogram row reflect 
varying amounts of locomotion per half- hour data-collection bin. 
Histogram, a daily average activity of several individual flies during entrainment 
conditions, which every bar indicates average activity during 30 min bin and dots 
indicate SEM. Grey bars indicate average activity during lights-off and white bars 
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during lights-on (for the theory behind these methods see section 1.3). 
 
Autocorrelation: Correlogram has been used to determine periodicity and whether the 
rhythms were statistically significant. The asterisk above the third peak indicates the 
point used to assess the Rhythms Index (RI), a measure of rhythm strength. If RI is 
equal to or greater than the numerical height of the confidence line, then the rhythm is 
significant (by definition, the height of the peak is the height of the confidence interval 
used to determine statistical significance). The Rhythmicity Statistic (RS) is obtained 
from the ratio of the RI value to the 95% confidence line. Thus, RS provides a 
numerical accounting of significance for an individual specimen or an average signal. 
When RS is >1, the rhythm is statistically significant. In this study I considered the 
rhythmicity significant when the RS value was >1.5. 
 
Statistical analysis: Daily-average activity of individual fies was imported in the 
GraphPad PRISM 4 software (GraphPad Software, San Diego California, United 
States). A Two-way analysis of variance (ANOVA) was performed in order to 
determine statistical interaction of a given genotype with the wild-type control. A 
Bonferroni Post-test was then performed to determine the time points that showed 
significant difference of activity compared to control (P<0.05). Statistical analysis was 
performed with the aid of GraphPad PRISM 4 software (GraphPad Software, San 
Diego California, United States). 
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2.4 RNA Isolation and Real Time Polymerase Chain Reaction 
 
RTPCR method description  
For ferritin mRNA expression experiments, total RNA was isolated from frozen 5 
whole fly bodies, whereas for timeless and period mRNA expression experiments total 
RNA was isolated from 5 heads. In both cases 0.5 ml TRI reagent (Invitrogen, UK), 
and purified with a Lithium Chloride solution according to the manufacturers’ 
instructions (Ambion, UK) was used. cDNA synthesis was performed with reverse 
transcription reagents kit  (Applied Biosystems, UK) in 10 µl reactions according to the 
manufacturer’s instructions. Quantitative-PCR reactions were prepared as follows: 7.5 
µl Power SYBR Green PCR Master Mix (Applied Biosystems, UK), 4.0 µl of cDNA 
prepared, each primer at 0.5 µM final concentration (primers were designed using 
Prism software, version 3.0) and H2O to a 15 µl final volume reaction. Reactions were 
performed in a Taqman 7900HT platform (Applied Biosystems, UK) under the 
following temperature conditions: hot start at 95oC for 10 minutes followed by 40 
cycles of 95oC for 15 seconds, 60oC for 30 seconds, and 10 seconds at a reading 
temperature. Data were collected and analyzed using SDS software version 2.2.1. 
 
Primer sequences used were as follows (5’ -> 3’ orientation):  
 
Rp49 sense CGATATGCTAAGCTGTCGCACA  
Rp49 antisense CGCTTGTTCGATCCGTAACC 
per sense CAACAAGTCGGTGTACACGAC 
per antisense GTCTTGACGGATGCGCTCTG 
tim sense AATGCAATCATCGCACAG 
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 tim antisense GCCAAATCCCTCATCGTC 
Fer2LCH sense GAACACTGTAATCACCGC 
Fer2LCH antisense CAGATACTCGTCGAACAG 
Fer1HCH antisense GAGATTACCAAGGACTGG 
Fer1HCH sense CTTGGTCACCTTGATCTC 
 
The reading temperature for a pair of primers is generally ~3-5C lower than the melting 
temperature of the amplicon they generate, and higher than that of the potential primer 
dimer. The reading temperature for the pair of primers used and listed above were 77C 
for rp49 and period, and 80C for timeless and Fer2LCH. For each sample, three 
replicas of the reaction were run in parallel, and the average of their Ct (threshold 
cycle) values (excluding outliers) was considered for quantification. The relative 
quantification was determined using the comparative CT method, also known as the 
ΔΔCT method, or the 2-ΔΔC T method, using rp49 as control.  
For the statistical analysis, analysis of variance (ANOVA) were performed when 
possible (for details see legend of figures). See Appendix 1 for primer efficiencies.  
 
Assessment of relative expression 
 The relative expression ratio was calculated by normalizing the target gene Ct with 
reference housekeeping gene Ct (Rp49) to obtain only the efficiency of the gene in 
question (∆Ct= Ct x-CtRp49). Finally, the relative expression was shown as 2-∆∆Ct, 
unit of measurement of the expression of the gene (Livak KJ 2001; Pfaffl 2001). 
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2.5 Immunofluoresce and Confocal Imaging 
 
Adult flies were fixed for 4 hours in phosphate-buffered saline (PBS) containing 4% 
formaldehyde, before brain dissections were performed in PBS. Brains were 
permeabilized with PBS containing 0.5% Triton X-100 (PBT), blocked in PBT 
containing 2% bovine serum albumin and incubated for 48-hours with primary 
antibodies against TIM at a 1:10,000 dilution in blocking solution at 4°C. After 3 
washes, brains were incubated with goat-anti-rat antibody conjugated with fluorophore 
AlexaFluor 488 nm (Molecular Probes) diluted 1:500 in PBT for 24 hours, washed 
extensively and mounted on slides using Vectashield (Vector Laboratories, UK) in 
preparation for microscopy. Eight brains were assessed for controls and twelve brains 
for the experimental flies at each time point. Each image is a combination of 3 
consecutive confocal sections generated on a Leica microscope. 
 
 
 
2.6 SDS-Polyacrylamide Gel Electrophoresis  	  	  
Protein extracts from 20 fly heads for each indicated time point were prepared in 115 µl 
of extraction buffer HEPES 10mM (pH 7.5), KCl 50mM, 5% Glycerol, EDTA 10mM, 
0.1% Triton X-100. Homogenates were centrifuged at 12,000 x g for 15 minutes at 4˚C 
and supernatants collected. Protein sample were denatured by addition of 1mM DTT 
and heating at 60oC for 10 min and loaded into 6% SDS–polyacrylamide gels (29.6:0.4, 
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acrylamide:bis-acrylamide ratio). Following electrophoresis, gels were electro-blotted 
on to nitrocellulose for 1-hour at 0.25 A using a semidry blotting apparatus (Hoefer, 
USA). PER protein abundance was analyzed by immunoblot using rabbit anti-PER 
(1:10,000; (Glaser and Stanewsky 2005)). To ensure equivalent amounts of protein 
were loaded in each lane, we used equal numbers of heads per protein sample and 
checked loading by Ponceau S staining. Experiments were performed in triplicates and 
quantification was performed using NIH imageJ software. 
 
 
2.7 Prussian blue Staining for Iron Determination 
 
For detection of ferric iron I followed a previously well-described protocol (Mehta, 
Deshpande et al. 2009). Whole flies were fixed in 4% formaldehyde for an hour. Fly 
intestines were dissected in PBS. After permeabilization with 1% PBS, the samples 
were washed 3 times and stained for in 1:1 solution of 2% K3[Fe(CN)6] and 2% HCl 
for an hour. After washing 4 times the samples were carefully mounted on slides in 
H2O and imaged on a Nikon microscope. Intact ferritin-iron isolated from whole fly 
homogenates was detected in a similar way on a polyacrylamide gel following 
electrophoresis under non-reducing conditions (similar to 2.6). 
 
2.8 Aconitase Activity 
 
Aconitase is an iron-sulfur enzyme found in both the mitochondria and the cytosol. The 
active form of mitochondrial aconitase (citrate-isocitrate hydratase), which is part of 
the citric acid cycle, contains a [4Fe-4S] cluster that provides a site for substrate 
binding to the active site of aconitase. In contrast, cytosolic aconitase is a bifunctional 
	  52	  
enzyme that the holo [4Fe-4S] form has aconitase activity, while the apo (iron-free) 
form, known as iron regulatory protein (IRP-1), lacks enzymatic activity but regulates 
intracellular iron levels. Hence an assay was used to monitor total aconitase activity, in 
order to infer [4Fe-4S] cluster availability throughout the 24-hour cycle. 
The assay utilizes the coupled reaction of the isomerization of citrate into isocitrate by 
aconitase, enabling the six-carbon unit to undergo oxidative decarboxylation, catalyzed 
by isocitrate dehydrogenase, to form a-ketoglutarate, as the basis for quantitating 
aconitase enzyme activity (Rose and O'Connell 1967; Gardner and Fridovich 1992). It 
is based on measurement of the formation of NADPH from NADP+ by monitoring the 
increase in absorbance at 340nm, as previously described (Powell and Jackson 2003). 
Under appropriate conditions, the rate of NADPH production is proportional to 
aconitase activity and the increase in isocitrate is equal to the consumption of NADP+, 
measured as the increase in absorbance at 340 nm. 
 
Whole fly homogenates were obtained after entrainment of the flies for three days in a 
12:12 LD cycle or constant darkness conditions (DD). Protein isolation buffer was the 
same as in section 2.6. Bradford assay to measure the concentration of protein in a 
solution was used and total aconitase activity was determined in clock control (y w) and 
mutant (per01) flies. 
 
 
To optimize the performance characteristics of the assay, the linearity on dilution 
(accuracy) and assay range were tested. 
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Figure 11: Aconitase assay range and accuracy in control flies (yw). 
 
 
 
Two independent samples were used for each volume. Homogenates of fifteen male (7-
10 days old) whole flies were used in each sample (20 µl, 4.5 µg/µl). Fly samples were 
diluted to three concentrations and the ΔA/min were determined.   The assay was linear 
(R2 = 0.95201) up to a sample protein concentration of 180 µg.  
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2.9  Heme Determinations  
 
A colorimetric determination kit was used to measure heme in whole fly protein 
samples, as previously described (de Frutos, Nitta et al. 2009).  The BioAssay Systems 
QuantiChromTM Heme Assay Kit is based on an aqueous alkaline solution method 
where heme is converted into a uniform colored form and can be measured 
spectrophotometrically.  Initially, different concentrations of freshly prepared heme 
were used to determine the linearity of the assay (Figure 12). 
 
 
 
Figure 12: Calibration curve of heme assay. 
 
The reaction was carried out using 1 ml reagent and 100 µl sample in 1.5 ml cuvette. 
The intensity of color is read as OD at 380-420 nm (peak at 400 nm) and it is directly 
proportional to the heme concentration in the samples with a linear detection range  
20-80 µM. The assay was linear (R2 = 0.99371) up to a sample protein concentration of 
80 µM.  
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To ensure the specificity of the kit in biological samples, control flies were subjected to 
heme diet (20 mM), the F1 allowed to grow for a week and used to compare the heme 
levels with flies grown in normal food.  
 
 
 
 
 
Figure 13: Heme kit specificity. 
 
The assay was carried out using 1 ml reagent and 100 µl sample in 1.5 ml cuvette.  
Fifteen control whole male flies were used in each sample (20 µl, 4.5 µg/µl). As it is 
shown in Figure	  13, flies supplemented with heme have double the amount of heme 
compared to normal fed flies. Thus, the QuantiChromTM Heme Assay Kit was used 
for the subsequent experiments to determine total heme levels in flies.  
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2.10 Flame Atomic Absorption Spectrometry  
 
 
The metal content for (Cu, Fe, Mn and Zn), present in flies was determined by flame 
atomic absorption spectrometry. 4-7 days old flies were collected, fast-frozen in liquid 
nitrogen and conserved in -80°C conditions. Samples were freeze-dried for 24 h and 
their dry weight was measured. 100 mg of dry flies were acid digested by adding 1.5 
mL of 69% nitric acid (HNO3) at 50 °C for 4 h, then at 100°C for another 4 h and 
cooled down overnight. Acid-digested samples were diluted by distilled water and 
metal content was determined by using an Analyst 200 Flame Atomic Absorption 
Spectrophotometer. Standards of each metal were used to calibrate the 
spectrophotometer and calculate metal concentrations in all samples.  
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Chapter 3: Iron Homeostasis of 
Drosophila  Over the 24-hour Cycle  
 
 
3.1 Ferritin Protein and Iron Loading   
 
Ferritin is a heteropolymer of two subunits and resides in the secretory pathway of cells 
and in the hemolymph (Georgieva, Dunkov et al. 2002; Missirlis, Kosmidis et al. 
2007). To evaluate if Drosophila  ferritin is fluctuating over time and to assess a 
potential role of iron in normal circadian behaviour, I used subunit-specific antibodies 
to monitor each ferritin subunit individually in whole adult flies. To ensure antibody 
specificity, control flies (y w) were compared with ferritin mutant and overexpression 
flies (Figure	  14).  
 
 
Homogenates of 15 whole flies were used of the following genotypes: yellow white (y w) flies 
used as control, UAS-Fer1HCH,UAS-Fer2LCH;Act-Gal4/+;+/+ (1,2act) overexpressing both 
ferritin chains and Df(3R)Fer/TM3,sb (x1) a deletion that reduces ferritin protein expression.  
Antibodies were raised against ferritin heavy chain (top panel) and ferritin light chain (bottom 
panel). 
 
Figure 14: Antibody specificity for each ferritin chain. 
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Western blot analysis was performed using primary antibody solutions (1:1000) for 
each ferritin chain and secondary antibody (1:647.000), goat anti-rabbit (HRP)-
conjugated IgG.  As expected, the overexpression of Fer1HCH and Fer2LCH in the 
1,2act flies increases ferritin protein levels compared to the y w control flies (Figure	  14), whereas the x1 flies carrying a deficiency deleting Fer1HCH and Fer2LCH (a gift 
of Bertrand Mollaroum, Lyon University) decrease ferritin protein levels.  Thus, 
characterization of both antibodies shows specificity for each ferritin chain and thus I 
have used them for the following experiments.  
 
I monitored the abundance of assembled ferritin but also the individual subunits at 
twelve time points during LD. Western blots of extracts prepared from y w adult flies, 
entrained in 3 cycles of LD are shown in Figure	  15. The Fer2LCH subunit was equally 
abundant in all time points assessed and the lower Fer2LCH band (16 kDa), a product 
of a cleavage event (Casteleyn, Rekecki et al. 2010), observed fluctuations were not 
reproducible at the same time points on subsequent experiments. Similarly, the 
Fer1HCH ferritin band (21 kDa) was abundant and its amount remained equal at all 
time points. While the roles of Fer1HCH and Fer2LCH chains in the function of insect 
secreted ferritins are complementary, the observed lack of fluctuation for both subunits, 
suggest iron storage capacity is constant throughout the 24-hour cycle in Drosophila . 
To provide a convenient marker of iron-loaded ferritin levels, non-denaturing PAGE 
analysis was used. Assembled iron-loaded ferritin, was detected by Prussian blue 
staining (Figure	  15), and showed no fluctuations over the 24-hour LD cycle. 
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Five days old, y w control flies were entrained for 3 days in LD cycles at 25oC constant 
temperature and on the third day were sampled every 2 hours. The experiment was repeated 
four times. Quantification of both ferritin chains from 3 experiments is shown in Appendix 1 
with no statistically significant difference (p > 0.05, 1-way Anova).  
 
Figure 15: Estimation of ferritin levels in whole control flies over the 24-hour LD cycle.  
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To address the possibility of circadian regulation of the individual ferritin subunits, I 
have used a clock mutant line per01 to estimate the levels of ferritin over time. per01 
flies retain a rhythmic phenotype during the LD cycle, but in constant conditions of 
darkness (DD), display an arrhythmic behaviour (Konopka R 1971). Therefore flies 
were entrained for 3 LD cycles, followed by 3 DD cycles, both at 25 oC, and the fourth 
day were sampled every four hours.  
 
 
Figure 16: Estimation of ferritin in whole clock mutant flies in constant darkness (DD). 
Five days old, per01 flies were entrained for 3 days in LD cycles and then 3 cycles of DD at 
25oC constant temperature. On the fourth day were sampled every 4 hours. Quantification of 
both ferritin chains from 3 experiments is shown in Appendix 1 with no statistically significant 
difference (p > 0.05, 1-way Anova). 
 
Similarly to y w control flies, per01 flies appeared to sustain equal levels of the 
individual ferritin subunits in constant darkness conditions with a mild fluctuation in 
the lower Fer2LCH band (Figure	   16). In a per01 background in which per and a 
functional clock are absent, both ferritin subunits appear unaffected, compared to y w 
control flies, indicating that the function of an important component of iron trafficking 
is not dependent upon a functional pacemaker. 
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3.2 Aconitase Activity 
 
 
A number of iron-sulfur cluster (ISC) containing enzymes play a crucial role in cell 
metabolism.  In keeping with this, loss of aconitase activity in mammals reduces 
energy production and the liberation of iron further enhances oxidative damage 
(Goncalves, Paupe et al. 2008).  The cytosolic aconitase is known to tightly regulate 
the overall iron metabolism of mammalian cells (Goncalves, Paupe et al. 2008).  
Similarly, in Drosophila , a cytosolic aconitase regulates iron homeostasis (Missirlis, 
Hu et al. 2003; Lind, Missirlis et al. 2006), and I investigated whether this regulation 
would be clock-dependent. To this aim, I prepared protein extracts from y w adult flies, 
entrained in 3 cycles of LD, sampled every 2 hours and determined total aconitase 
activity with a biochemical assay (see Materials and Methods).  As shown in Figure	  17, top panel, the aconitase activity in y w flies was characterised by a trough at ZT2 
(~60 mU). Thus, lights-on is followed by a rapid decrease in aconitase activity as 
opposed to the behavioural activity observed in the same flies which lights-on is 
followed by an increase in activity as an acute response to light (Figure 5). 
To determine whether the drop in aconitase activity was light independent, I performed 
the same experiment, with the difference that 3 cycles of LD entrainment were 
followed by 4 cycles of DD (constant darkness). In this way, advantage was taken of 
the fact that clock control flies are bimodal under LD cycles, synchronized by exposure 
to the 24 hours cycle of light, but under constant conditions of constant darkness, 
display a decrease in their period of approximately 30 minutes every 24 hours, 
therefore, the behavioural output would drift leftward, something that distinguishes the 
internal oscillator from the external entrained ZT (Helfrich-Forster 2000). In free 
running conditions, a similar drop in aconitase was observed at CT0, a 2-hour drift 
leftward in the drop of activity (Figure	  17, middle panel).  
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Figure 17: Total aconitase activity over the 24-hr cycle.  
Five days old flies were entrained to 12:12 LD cycles for three days. Fifteen whole y w flies 
were used in each sample (20 µl, 4.5 µg/µl).  In top panel, ZT is shown, for y w flies where 
ZT0 is lights on and ZT12 is lights off-shaded area. Middle and bottom panels show CT, for y 
w and per01 flies after 4 days in free running conditions (DD). Error bars represent the mean ± 
SEM for each time point from three independent biological samples. One-way Anova was used 
to calculate whether the activity oscillation between peak and trough was significant in the top 
plot of control flies in light dark conditions (P< 0.05). Two-way Anova was performed to 
determine statistical interaction between control and period mutant flies in the range ZT 0–12. 
Coloured bars underneath represent the time points in which the two strains show significant 
difference (Bonferroni post test P< 0.05). 
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The shift in the period of activity in the control flies, after release in constant darkness, 
is correlated with the shift in the drop of aconitase activity, indicating a normal 
physiological response. The distinct difference in unit measurements observed between 
LD and DD in fly extracts from controls was attributed to batch-to-batch variation in 
the activity of isocitrate dehydrogenase. 
To address the possibility of clock regulated aconitase activity, I have performed the 
same experiment using clock mutant flies (per01) and I have found out that a drop of 
aconitase activity is observed, at CT4 (Figure	  17). This result reduces the possibility of 
clock-dependent regulation of aconitase, since a drop in activity persists in per01 flies 
yet, with a 4-hour delay. However, the observation of aconitase activity reduction after 
subjective lights-on in DD is in concordance with published data, which show a similar 
drop in aconitase activity, after one day in DD, in the mouse liver (Reddy, Karp et al. 
2006). 
 
Although for other proteins there might be some selective advantage to restrict 
accumulation to particular times of day, aconitase appears to undergo diurnal regulation 
of activity. The two peak levels of activity are during the day when the organism is 
most active and after midnight when flies preserve energy. If selective advantage is 
created by restricting expression of aconitase to particularly advantageous time points 
over the course of the 24-hour cycle, one would expect diurnal activity of particular 
enzymes to be conserved across evolution. In this regard, it is interesting that aconitase 
was determined to have a similar activity in flies as in mammals (Reddy, Karp et al. 
2006).  
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3.3 Total Heme Measurements   
 
Heme biosynthesis is regulated by the circadian clock in mammals, through regulation 
of the rate-limiting enzyme Alas1 (Kaasik and Lee 2004).  In addition, the mammalian 
nuclear hormone receptors, REV-ERBa and REV-ERBb, function as critical 
components of the mammalian clock and their expression oscillates in a circadian 
manner (Rogers, Ying et al. 2008).  In relation to that, it has been shown that the REV-
ERBs bind heme, with heme regulating their ability to repress transcription of their 
target genes (Yin, Wu et al. 2007).   
Based on evidence of a reciprocal relationship between circadian clock and heme iron 
in mammals, I sought to investigate if heme fluctuates over the 24-hour LD cycle in 
clock control flies (Figure	  18).  
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Figure 18: Total heme concentration in whole control flies over the 24-hr LD cycle.  
Five days old flies were entrained to 12:12 LD cycles for three days.  ZT is shown, where ZT0 
is lights-on and ZT12 is lights-off. Fifteen whole male flies were used in each sample (100 µl, 
4.5 µg/µl). Error bars indicate SEM from three independent experiments is shown. 1-way 
Anova indicates no significant difference (p > 0.05). 
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As shown in Figure	  18, heme levels oscillate over the 24-hour LD cycle with three 
distinct peaks at ZT2, ZT8 and ZT14.  With respect to the diurnal activity of the flies, 
the observed peaks in heme levels are shifted towards the centre of the day, before and 
after the time flies are less active, in addition to the peak during the middle of the night, 
suggesting that heme availability is not constant in Drosophila .  
A genome-wide expression analysis in Drosophila  heads revealed several rhythmically 
expressed genes over the 24-hour LD cycle, including the rate-limiting enzyme in heme 
biosynthesis, Alas1 and the rate-limiting enzyme of heme degradation, heme oxygenase 
(Ho) (Ceriani, Hogenesch et al. 2002). They report peaks of Alas and Ho expression at 
ZT8 and ZT16, respectively.  
 
Next I determined whether the peaks observed over the LD cycle, persisted in constant 
darkness conditions (DD) in control flies. In this experiment, 3 cycles of LD 
entrainment were followed by 3 cycles of DD and the fourth day the flies were assayed. 
Similarly to LD, three distinct peaks were observed after four days of constant 
darkness, two during subjective day and one late at night (Figure	  19). 
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Figure 19: Total heme concentration in whole control flies in DD.  
Five days old flies were entrained to 12:12 LD cycles for three days and then transferred to 
constant darkens for 3 cycles of DD. Fifteen whole male flies were used in each sample (100 
µl, 4.5 µg/µl). Error bars indicate SEM from three independent experiments is shown. 1-way 
Anova indicates no significant difference (p > 0.05). 
 
 
Heme levels appear to be regulated on a diurnal, but not circadian, basis, with notable 
variability in its levels under both LD and constant conditions, suggesting that it might 
be at least in part required for light-induced phase changes. A notable observation to 
support this, is that higher levels of heme were recorded during day in the LD cycle. In 
constant darkness, day–night variation persisted, but it also notable that higher levels of 
heme were observed in subjective night after releasing the flies in 3 cycles of constant 
darkness. My results, together with previous reports of heme association to the 
circadian clock, support the existence of a circadian clock-controlled function of heme 
and until the intracellular events that control the changes in heme levels are established, 
this theory would be open for further investigation.  
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3.4 Conclusion  
 
 
Although a description of the core circadian oscillator exists in flies, a connection 
between the molecular basis of rhythmicity and physiology under clock control is 
lacking. As a contribution to this direction, after assessing the levels of key molecules 
in iron metabolism over the 24-hour cycle, I report that ferritin abundance is not clock-
dependent whereas aconitase activity and heme concentration display diurnal 
fluctuations, with unknown implications to the function of the clock. 
 
Iron-loaded ferritin and the individual subunit levels remain equal over the course of 
the 24-hour cycle both in control and clock mutant flies, providing no evidence, at least 
at the physiological level, that the two systems are related. 
 
Both, aconitase and heme appear to be driven by light cues as well as the circadian 
clock because even in constant darkness (DD), flies maintain a similar pattern. 
However, measurements of heme concnetration, in per01 flies during constant darkness 
conditions also need to be determined to further affirm this conclusion. 
 
In this chapter I have discussed the possibility that two key players in iron metabolism, 
previously associated with the circadian clock in mammals, may be clock-regulated in 
Drosophila , suggesting that daily organization of iron metabolism may have provided 
a strong selective advantage.  
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Chapter 4: RNAi Screen for a Role of 
Iron Metabolism Genes in the 
Circadian Clock of Drosophila  
 
 
 
4.1 Rationale of Screen 
 
 
Drosophila  has been extensively used as a model to study alterations in the circadian 
pattern of locomotor activity. In particular, many experimental paradigms involved 
classic forward and reverse genetic screens performed in the search for genes involved 
in circadian rhythmicity, resulting in the identification of the function of novel genes by 
analyzing the phenotypic effects of gene mutants on the organism. In Drosophila , 
circadian clock activity is closely coupled to metabolism (see section 1.5), indicating 
that metabolic activity may affect the phase and the function of the circadian clock. 
Consistent with this idea, I asked whether iron metabolism genes are required in the 
clock pacemaker neuronal circuitry for the regulation of rhythmic activity.  
To address this question, I have performed a screen, using the Gal4-UAS system 
(Duffy 2002), taking advantage of the available RNA interference (RNAi) transgenic 
fly lines (Dietzl, Chen et al. 2007). I selected transgenes that included genes related to 
iron homeostasis ranging from cellular iron storage and sequestration to iron sulphur 
cluster or heme biosynthesis and degradation. I used a well-characterized tim-Gal4 
driver (Kaneko, Park et al. 2000; Taghert, Hewes et al. 2001), to downregulate their 
expression specifically in clock neurons and I monitored behavioural alterations in 
circadian activity during constant darkness conditions. 
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4.2 Results 
 
The F1 progeny of 24 crosses, carrying one copy of each parental line, had normal 
locomotor activity rhythms and a period of about 24-hours in constant darkness (DD) 
(Table	   1). For each fly tested the rhythmic strength (R.S.) value was determined, 
providing an objective statistical measure of rhythmicity (Schoonhoven, Haalboom et 
al. 2002). Flies were first scored as rhythmic if R.S.>1.5 or arrhythmic if R.S.<1.5 and 
the percentage of rhythmic flies is tabled. The average period of rhythmic pattern and 
the average R.S. value of flies with R.S.>1.5 is also shown.  
 
Table 1: Analysis of circadian behaviour after silencing genes involved in heme biosynthesis 
and catabolism, iron sulfur cluster biosynthesis and iron homeostasis. 
!
!
!
!
!
Flybase  
(CG) 
VDRC 
ID 
Gene / Function N % 
Rhythmic 
Period 
(h) 
Rhythm 
Index 
Rhythm 
Strength 
        
 Heme biosynthesis and catabolism  
        
3017 21110 Alas / 5'-
Aminolevulinate 
synthase 
12 100 24.6±0.5 0.38±0.02 4.5±0.6 
10335 40612 Ppgs / 
Porphobilinogen 
synthase 
10 100 24.2±0.3 0.22±0.01 3.3±1.0 
5796 40607 Ppox / 
Protoporphyrinogen 
oxidase 
7 85 24.7±0.2 0.23±0.02 3.5±0.8 
2098 20804 Fech / Ferrochelatase 10 100 24.3±0.9 0.25±0.02 2.6±0.5 
6871 6283 Cat / Catalase 6 100 24.6±0.2 0.19±0.02 4.2±0.4 
6022 45020 Cchl / Cytochrome c-
heme linkage 
6 100 24.6±0.4 0.2±0.01 2.9±0.6 
        
 Iron sulfur cluster biosynthesis  
        
8971 from 
ref. 
fh / frataxin 
homologue 
22 90 27.3±1.2 0.23±0.02 3.4±1.0 
12264 105106 CG12264 / IscS 
homologue 
6 100 24.8±0.3 0.21±0.01 3.7±0.5 
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8198 104791 CG8198 / IscA 
homologue 
10 100 24.4±0.3 0.23±0.02 3.6±0.5 
14407 43020 CG14407 / Grx5 10 100 24.5±0.2 0.23±0.03 3.6±0.9 
7955 40838 CG7995 / ABCB7 6 100 24.5±0.3 0.23±0.02 4.7±1.3 
6342 30153 
 
Irp-1B / cytosolic 
aconitase  
10 90 24.1±0.5 0.21±0.02 4.1±1.3 
11793 from 
ref. 
Sod1 / Cu-Zn 
superoxide dismutase  
11 100 24.0±0.5 0.21±0.03 3.9±1.2 
8905 from 
ref. 
Sod2 / Mn superoxide 
dismutase   
10 80 25.3±1.8 0.23±0.03 4.2±1.1 
      0.22±0.03  
 Iron homeostasis 
        
6186 14666 Tsf1 / Transferrin 17 100 24.5±0.2 0.22±0.02 4.6±0.9 
10620 5236 Tsf2 / 
Melanotransferrin 
10 100 24.6±0.2 0.23±0.01 3.9±1.0 
3671 44000 Mvl / Divalent Metal 
Transporter-1   
10 100 24.4±02 0.24±0.03 5.0±0.6 
8776 40803 Nemy / DcytB-like  8 10 100 24.3±0.3 0.21±0.02 3.2±0.7 
1275 105418 CG1275 / DcytB-like   10 100 24.8±0.3 0.22±0.03 4.2±0.4 
6898 37358 Zip3 / Zinc-iron 
transporter 
9 77 24.3±0.3 0.22±0.01 4.1±0.6 
10505 107842 CG10505 / ABC 
transporter 
10 90 24.7±0.5 0.21±0.02 2.9±0.4 
4963 12342 Mfrn / Mitoferrin  8 100 24.4±0.2 0.24±0.03 4.6±1.0 
2216 102406 Fer1HCH / Ferritin H  10 100 25.5±0.4 0.22±0.02 5.1±1.5 
 
I considered whether the failure to observe a phenotype have reflected a relative weak 
silencing of the micro-RNA-processing pathway. In an attempt to enhance the potency 
of gene silencing, I overexpressed Dicer2 (UAS-Dicer2) in the tim27-Gal4 driver line 
(UAS-Dicer2;tim27-Gal4) by generating new strains of flies carrying both transgenes. 
The co-expression of Dicer2 is central for the production of small inhibitory RNAs 
from double-stranded RNA precursors into the assembly of RNAi silencing complexes 
(Lee, Nakahara et al. 2004), which increases the potency of RNAi-mediated 
knockdown in the fly. Due to the fact that tim-Gal4 drives expression in some 
peripheral tissues as well as in all clock cells (Stoleru, Peng et al. 2004), to further 
corroborate any positive results, I used another driver line, cry-Gal4, that drives 
expression in many clock neurons, similarly to tim27-gal4. Similarly, I overexpressed 
UAS-Dicer2 in the cry17b-Gal4 driver line (UAS-Dicer2;cry17b-Gal4) by generating 
new strains of flies carrying both transgenes and I used both driver lines to 
downregulate the gene expression in 57 lines, representing 48 genes in iron 
homeostasis. In the following sections I describe the results obtained with the addition 
of Dicer2. 
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4.2.1 RNAi Against Genes Involved in Heme Biosynthesis and Catabolism  
 
 
 
Silencing four out of five genes coding for enzymes in heme biosynthesis in all clock 
cells (UAS-Dicer2;tim27-Gal4) resulted in lethality, highlighting the requirement of 
these enzymes for the survival of the organism. However there is no evidence to relate 
lethality to the circadian clock function since using the UAS-Dicer2;cry17b-Gal4 driver 
to silence the same genes, had no effect in the survival or behaviour of the flies, with 
the notable exception Aminolevulinate synthase (Alas) that also resulted in lethality 
(Table	  2).  
A long period was observed after silencing the gene coding for ferrochelatese with 
UAS-Dicer2;tim27-Gal4 but not with UAS-Dicer2;cry17b-Gal4. No effect in the 
behaviour of the flies was observed after silencing the two genes coding for the heme 
oxygenase and biliverdin reductase, the enzymes responsive for heme catabolism with 
each driver line.   
 
In addition, silencing two genes encoding heme-containing proteins, catalase, contains 
four porphyrin heme-iron groups that allow the enzyme to react with hydrogen 
peroxide and cytochrome c-heme linkage, the linkage of cytochrome to heme, appear to 
have no effect in the behaviour of the fly. In contrast, a mild reduction of the rhythmic 
flies was observed after silencing CG1358, a gene coding for a heme transporter, the 
Drosophila  homologue of the mammalian feline leukemia virus subgroup C cellular 
receptor family, member 2 (FLVCR2) that may act as a transporter or play a role in 
calcium exchange. 
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Recently, a Drosophila  homologue of human REV-ERB, E75, was found to contain a 
heme prosthetic group (Reinking J. et al., 2005), which is tightly bound and removal of 
the heme associated with loss of E75 stability. Most importantly the oxidation state of 
heme within E75 determines whether this nuclear hormone receptor can interact with 
its heterodimer partner, Drosophila  hormone receptor 3 (DHR3).  
The mammalian REV-ERB appears to function as receptor for heme since heme 
binding modulates its ability to recruit the co-repressor NCoR (Raghuram S. et al., 
2007; Yin L. et al., 2007), whereas in the Drosophila  E75, heme is essential for the 
stability of the protein. Silencing of the single homologue of the mammalian REV-
ERB, E75 in Drosophila , (Reinking, Lam et al. 2005) resulted in lethality with both 
driver lines (Table	  2).  
In view of the previous reported implications of heme in the mammalian circadian 
clock system (see section 1.5), I have found limited evidence for an implication of 
heme in the circadian activity of the central pacemaker neurons in Drosophila . 
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Table 2: Analysis of circadian behaviour after silencing genes involved in heme biosynthesis 
and catabolism. 
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4.2.2 RNAi Against Genes Involved in Iron Sulfur Cluster Biosynthesis 
 
 
Out of 21 genes silenced with UAS-Dicer2;tim27-Gal4, three genes appeared to be 
essential for the viability of the fly: IscU, NAR1p and FAM96a (Table	   3). UAS-
Dicer2;cry17b-Gal4 silencing of IscU resulted in a robust reduction of rhythmic flies 
(Table	   3). Frataxin and IscS homologues silencing with UAS-Dicer2;tim27-Gal4 
resulted in an increase in the period of the flies (~3 hours) but only the latter had an 
effect in the percentage of the rhythmic flies when silenced with UAS-Dicer2;cry17b-
Gal4 (Table	  3). It is notable that the majority of the flies with silenced IscS and IscU 
via UAS-Dicer2;cry17b-Gal4 display behavioural arrhythmia. Both proteins play 
critical roles in Fe-S biosynthesis by acting as essential sulfur donor to Fe-S proteins  
(ISCS) and as scaffold in the initial Fe-S assembly events (IscU). The percentage of the 
rhythmic flies was halved after silencing Nubp2 with UAS-Dicer2;cry17b-Gal4 but had 
no apparent effects with UAS-Dicer2;tim27-Gal4 (Table	   3). In contrast to silencing 
Iba57, that resulted in the majority of the flies being arrhythmic with UAS-
Dicer2;tim27-Gal4 the effect was smaller with UAS-Dicer2;cry17b-Gal4 (Table	  3).  
 
Overall, RNAi against Drosophila  IscS, IscU, Iba57 and to a smaller extent of 
IscA1/CG8198 resulted in visible disruptions of circadian behaviour in DD (Table 3). 
These results implicate the iron-sulfur cluster biosynthetic pathway in the function of 
the circadian pacemaker. Whether an iron-sulfur cluster protein mediates this effect 
remains at present unclear, however the disruption of rhythmic activity following RNAi 
of Nupb2, whose gene product has been proposed to work in complex with Nupb1 in 
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the maturation of cytosolic iron sulfur clusters (Yasuda, Fukuda-Tani et al. 2007), 
would be consistent with this idea. 
 
Table 3: Analysis of circadian behaviour after silencing of genes involved in iron-sulfur cluster 
biosynthesis. 
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4.2.3 RNAi Against Genes Involved in Iron Homeostasis  
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RNAi of 13 genes coding for proteins involved in iron homeostasis had no effect in the 
behaviour of the flies with both driver lines (Table	  4). In contrast, UAS-Dicer2;tim27-
Gal4 inducing silencing of transferrin 3 (Tsf3) resulted in reduction of the rhythmic 
population of flies whereas not with UAS-Dicer2;cry17b-Gal4. The only robust 
reduction of rhythmic flies, using each driver line, was observed when Ferritin Light 
Chain Homologue (Fer2LCH) was silenced (Table	  4). The average R.S. value for the 
control flies (y w) tested in this screen was 3.6 ± 0.8, as opposed to 1.9 ± 0.3 and 2.0 ± 
0.4 for two independent UAS-Fer2LCH-RNAi transgene insertions, respectively, in 
UAS-Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi flies. Similarly, the R.S. value for the 
UAS-Dicer2;cry17b-Gal4/UAS-Fer2LCH-RNAi flies was 2.1±0.5 for one of the UAS-
Fer2LCH-RNAi transgene insertions (id:106960). This was the only observation of 
RNAi of a gene related to iron homeostasis that resulted in a robust reduction of 
rhythmic flies with both clock driver lines and with two independent UAS-Fer2LCH-
RNAi insertions. Since RNAi is a post-transcriptional gene regulatory mechanism, with 
a tolerance for mismatches in base-pairing with targets, siRNAs could have hundreds 
of potential target sequences in the genome besides the intended mRNA targets. In 
Drosophila , the use of dsRNAs, where Dicer2-mediated processing produces siRNAs 
inside cells, reduces the probability of off-target effects (van Waasbergen, Fajdetic et 
al. 2007), but to exclude the possibility of an alternative transgene effect I used an off 
target UAS-Fer2LCH-RNAi insertion line to silence its expression in clock cells. I 
found no effect in the behaviour of the flies with each driver line (Table	   4), 
corroborating my initial observation for a specific effect after Fer2LCH silencing. It is 
also notable that using UAS-Dicer2;tim27-Gal4 to silence Fer1HCH, the second 
ferritin homologue needed for holoferritin formation, resulted in lethality for two 
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independent UAS-Fer1HCH-RNAi transgene insertions but had no behavioural effect 
with UAS-Dicer2;cry17b-Gal4 (Table	  4). 
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Table 4: Analysis of circadian behaviour after silencing genes involved in iron homeostasis. 
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4.3 RNAi Against Fer2LCH in Clock Neurons Disrupts 
Circadian Rhythms 
 
To further exclude possibility of genetic background effects appearing from the 
parental lines, I used three additional UAS-Dicer2;tim-Gal4 driver lines (line 62, 82 
and 86) and two UAS-Dicer2;cry-Gal4 driver lines (line 19 and 39) to silence both 
Fer2LCH and Fer1HCH. For Fer2LCH, a robust reduction was observed with all driver 
lines, except with UAS-Dicer2;cry19-Gal4 (Table	  5). The particular driver line has not 
been characterised before and after visual inspection of the expression pattern, I have 
found that UAS-Dicer2;cry19-Gal4 express in a different subset of clock cells than the 
other UAS-Dicer2;cry-Gal4 driver lines used here and this is discussed in more detail 
in section 5.2. To exclude the possibility of a maternal effect I generated UAS-
Dicer2;UAS-RNAi lines for both ferritin homologues and assessing the progeny 
between the crosses of each UAS-Dicer2;UAS-RNAi line and tim27-Gal4 lines gave 
identical results, lethality with Fer1HCH, and a low percentage of rhythmic flies with 
Fer2LCH (Appendix A, Table 14). 
 
Table 5: Analysis of circadian behaviour of transgenic flies kept in DD after silencing the 
expression of ferritin homologues in clock cells with different clock driver lines. 
 
 
 
Table 2. Analysis of circadian behaviour of transgenic flies kept in constant darkness. 
Fer2LCH and Fer1HCH RNAi was driven by clock-specific and peripheral Gal4 drivers.  
 
UAS-Fer2LCH-RNAi 
N 
% 
Rhythmic 
Period 
(h) 
Rhythm 
Strength  
    
15 13 23.4±2.6 1.6±0.1 
16 12 24.3±1.7 1.7±0.3 
14 21 22.3±2.4 1.8±0.2 
58 41 24.1±1.1 2.1±0.8 
26 100 24.5±0.2 3.6±1.5  
Dicer2;Gal4 
  
 
 
tim62 
tim82 
tim86 
cry39 
cry19  
UAS-Fer1HCH-RNAi 
N 
% 
Rhythmic 
Period 
(h) 
Rhythm 
Strength  
    
Lethal - - - 
Lethal - - - 
Lethal - - - 
32 90 24.1±0.6 3.6±1.0 
32 100 23.9±0.4 3.2±0.7  
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Under 12:12 hour alternating light and dark cycles (LD), y w control flies and UAS-
Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi flies show no differences in their ability to 
sustain a rhythmic behaviour stimulated from light (Figure 20A and B).  
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Figure 20: Averaged light:dark (LD) locomotor activity profiles of Fer2LCH-RNAi and control 
(y w) flies. 
In the histograms, the lighting condition is indicated by the colour of the activity bin (LD: open 
grey-lights on and dark grey lights off). The blue diamonds indicate the standard error of the 
mean. 
It is important to note that the y w control flies display anticipation to lights on/off as 
well as a ‘startle effect’, the immediate behavioural response to LD transitions (Figure 
20A). Although the majority of UAS-Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi flies 
were rhythmic in LD, and they have a normal startle effect, which is independent of an 
intact oscillator (Wheeler, Hamblen-Coyle et al. 1993), weak anticipation to the lights 
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on transition was observed (Figure 20B), suggesting that the molecular oscillations 
sustaining the morning anticipation components of rest-activity pattern under 
synchronized conditions are affected after silencing Fer2LCH, an effect consistent with 
an impaired output from the central pacemaker cells (Stoleru, Peng et al. 2004). The 
rhythmic pattern observed with control y w flies under DD conditions (Figure 21B) 
completely breaks down in UAS-Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi flies (Figure 
21C). 
w"per01"y;+/+! y"w;+/+!!
UAS/Dicer2;4m27/Gal4/UAS/Fer2LCH/RNAi"!! UAS/Dicer2;UAS/Fer2LCH/RNAi/Cyo!!
UAS/Dicer2;4m27/Gal4/Cyo!! y"w;UAS/Fer2LCH"RNAi/UAS/Fer2LCH/RNAi"!
B!
D!
F!
A!
C!
E!
 
Figure 21: Behavioural arrhythmia after silencing Fer2LCH in all clock cells. 
A-F shows double-plotted locomotor actograms of representative male progeny of the indicated 
genotypes, spanning 7 days in DD (gray area) after release from LD (white and gray area) 
entraining conditions. Actograms show the locomotor activity of five flies, in which the height 
of each bar indicates the amount of locomotion during a 30-min interval. Actograms A and B 
show representative controls of arrhythmic (per01) and rhythmic (y w) behaviour. UAS-
Dicer2;tim27-Gal4/UAS-Fer2LCH RNAi flies are arrhythmic (C) resembling  the period 
mutant line (A).  Parental lines (E and F) as well as the balancer copy fly line (D) resulting 
from the cross between E and F display robust behavioural rhythms, resembling y w control 
flies (B).  
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The arrhythmic phenotype observed in Figure 21C resembles per01 mutants in Figure 
21A. Both parental lines (UAS-Dicer2;tim27-Gal4/Cyo and yw;UAS-Fer2LCH-RNAi/ 
UAS-Fer2LCH-RNAi) as well as the line carrying the balancer copy of the chromosome 
(UAS-Dicer2;UAS-Fer2LCH-RNAi/Cyo) displayed normal behavioural rhythms. Upon 
re-establishment of LD cycles UAS-Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi flies 
readily entrain to light cues and rhythmic behaviour is restored (Figure	  22), similarly 
to y w control flies, further suggesting a disruption in the endogenous clock machinery. 
 
!"#
FIGURES AND FIGURE LEGENDS 
 
Figure 1. Silencing of Fer2LCH in clock neurons leads to the loss of circadian 
rhythms in DD and deregulation of core clock transcription factors. A) y, w and 
B) UAS-Dicer2; tim
27
-Gal4/UAS-Fer2LCH-RNAi genotypes shown in double-plotted 
locomotor actograms showing representative individual male flies spanning 5 days in 
LD followed by 7 days in DD and further 4 days in LD. C) Visualization of clock 
neurons in dissected brains from UAS-Dicer2; tim
27
-Gal4, UAS-CD8-GFP/UAS-
Fer2LCH-RNAi flies. These flies were behaviorally arrhythmic, but showed no 
apparent signs of neuronal degeneration. D) qRT-PCR experiments showing relative 
A" B"
y"w;+/+"" UAS*Dicer2;1m27*Gal4/UAS*Fer2LCH*RNAi"""
 
Figure 22: Behavioural arrhythmia after silencing Fer2LCH in all clock cells. 
A and B show double-plotted locomotor actograms of representative individual male progeny 
of the indicated genotypes, spanning 6 days in LD, followed by 8 days in DD and then 4 days 
in LD entraining conditions. The 4 LD cycles that were phase delayed experimentally by 6 
hours to judge the ability of the flies to re-entrain to such a phase shift. 
 
 
The inability of UAS-Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi flies to sustain rhythmic 
circadian activity in DD suggested that the molecular oscillations of clock transcription 
factors may have been disrupted. However, before ‘interrogating’ the function of the 
core molecular clock machinery, I assessed the effect of RNAi mediated silencing of 
Fer2LCH in the overall organism to confirm the efficiency of RNAi and then 
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investigated any effects it might had in the physiology of the flies. Figure	  23 shows 
that Fer2LCH-RNAi was effective in reducing Fer2LCH mRNA levels in fly heads and 
total body Fer2LCH protein compared to y w controls. 
 
 
RNAi%%%%%%%%yw%%%%%%%%%%%%%%%%%%%%%%%%RNAi%%%%%%%%%yw%%
!CT2!!!!!!!!!!!!!!!!!!CT18!
Ge
ne
!e
xp
re
ss
io
n!
fo
ld
!c
ha
ng
e!
!
Fer2LCH!message!
!
0!
0.5!
1!
1.5!
2!
2.5!
3!
3.5!
4!
4.5!
(P%<!0.01)!
!
!!!!!!**!
(P%<!0.01)!
!
!!!!!!**!
 
 
 
For both experiments, flies were entrained in 3 LD following 3 cycles of DD and then sampled, 
in order to assess Fer2LCH mRNA and protein levels in identical conditions as the phenotype 
manifests. Samples were collected at indicated time-points.  
Total RNA samples were prepared from heads of control y w and UAS-Dicer2;tim27-
Gal4/UAS-Fer2LCH-RNAi flies. Real-time quantitative PCR was performed on RNA samples 
(5 heads per sample) using primers specific for Fer2LCH gene. Relative mRNA expression 
indicates the amount of clock gene transcript normalized to rp49 mRNA expression (P < 0.01, 
Two-way Anova). The graphs represent the mean ± SEM from three independent samples.  
y w and UAS-Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi whole body (12 whole flies per sample) 
protein extracts were subjected to Western blot analysis using anti-Fer2LCH to determine the 
changes in Fer2LCH abundance. 
!"#
FIGURES AND FIGURE LEGENDS 
 
Figure 1. Silencing of Fer2LCH in clock neurons leads to the loss of circadian 
rhythms in DD and deregulation of core clock transcription factors. A) y, w and 
B) UAS-Dicer2; tim
27
-Gal4/UAS-Fer2LCH-RNAi genotypes shown in double-plotted 
locomotor actograms showing representative individual male flies spanning 5 days in 
LD followed by 7 days in DD and further 4 days in LD. C) Visualization of clock 
neurons in dissected brains from UAS-Dicer2; tim
27
-Gal4, UAS-CD8-GFP/UAS-
Fer2LCH-RNAi flies. These flies were behaviorally arrhythmic, but showed no 
apparent signs of neuronal degeneration. D) qRT-PCR experiments showing relative 
!"#$%& '(#$%&
Figure 23: mRNA and protein levels reduction after Fer2LCH silencing. 
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4.4 Ferritin-iron Overload in the Iron Stores of the Fer2LCH-
RNAi flies 
 
 
Following behavioural characterization of the phenotype and assessment of Fer2LCH 
mRNA and protein levels in RNAi flies, I then analyzed the iron storage at the 
organismal level to find out what effects, if any, were caused by silencing of Fer2LCH 
in clock cells. We knew from previous experiments (Mehta, Deshpande et al. 2009) 
that an indicator for total-body iron levels is the accumulation of iron-loaded ferritin in 
the enterocytes in the middle midgut (iron region) of the fly intestine. UAS-
Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi and y w flies were entrained (3LD -> 3DD) 
and dissected intestines were fixed at night (ZT16) and subjective night (CT16; when 
the arrhythmic phenotype manifests) to compare ferritin iron accumulation. Prussian 
blue staining showed a severe effect of ferritin-iron accumulation in the UAS-
Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi flies compared to controls. Iron loaded 
ferritin was evenly distributed in the iron region of the intestines dissected from control 
flies and detected in all time-points sampled. A notable reduction in iron accumulation 
during free running conditions was observed (Figure	   24). However, impaired 
holoferritin formation, due to RNAi, results to a decrease of iron-loaded ferritin cells in 
the iron region leading and to a subsequent overload of iron in the remaining iron-
loaded ferritin cells in the UAS-Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi flies intestine 
(Figure	  24).   
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ZT#16# CT#16##
UAS$Dicer2;,m27$Gal4/UAS$Fer2LCH$RNAi:
ZT#16#
y:w;+/+:
CT#16###
 
 
Flies were entrained in 3 LD following 3 cycles of DD and samples were collected in each 
experimental condition. The middle midgut region of control y w and UAS-Dicer2;tim27-
Gal4/UAS-Fer2LCH-RNAi flies is shown. Fer2LCH silencing leads to iron mobilization and 
subsequent overload of existing ferritin cells. The experiment was repeated 3 times.  
 
 
To test whether the observed iron-overloaded ferritin in the middle midgut was 
associated with a change of iron content in stores, iron-loading in ferritin isolated from 
Figure 24: Iron-ferritin overload in the middle midgut of flies. 
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whole flies was assessed by Prussian blue staining of SDS-polyacrylamide gels.  As 
shown in Figure	   25, iron-loading of ferritin is unaltered in control y w and UAS-
Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi flies independently of dietary 
supplementation. The observation that the same amount of iron was associated with 
less the amount of ferritin protein has been reported before in the heterozygous 
Fer1HCH451/+ strain where the iron load per ferritin holomer was increased when total 
ferritin decreased and in the heterozygous Fer1HCHG188/+ strain where more heavily 
iron loaded than assembled ferritin molecules were observed (Albrecht, Sonnewald et 
al. 2007). 
Taken together, these findings suggest that mobilization of iron in UAS-Dicer2;tim27-
Gal4/UAS-Fer2LCH-RNAi flies, due to RNAi, leads in overload of the basal ferritin 
cells potentially as an emergency mechanism to reduce the risk of iron-catalyzed cell 
oxidative damage. 
Flies were entrained in 3 LD following 3 cycles of DD and samples were collected on the 
fourth day in CT16. Thirty whole flies were homogenized for each sample and separation was 
carried out as described in 2.6. The experiment was performed in two different diets as 
indicated. 
 
 
 
 
 
!"#$%#
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Figure 25: Total iron body content in flies after normal and iron supplementation diets. 
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4.5 Effect of Dietary Iron Manipulations 
 
 
A proper balance of diet is essential for a healthy physiological state as alterations in 
food intake can lead to pathological states. Based upon studies demonstrating effects of 
the circadian clock on metabolism (Kohsaka, Laposky et al. 2007; Allen 2008), I 
sought to determine the effects of altering dietary iron on the behaviour of the flies.  
Adult control y w and UAS-Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi flies were 
provided with 250 µM iron chelator bathophenanthroline disulfonic acid (BPS) in their 
diet, a treatment that reduces total animal iron and ferritin levels (Missirlis, Holmberg 
et al. 2006). BPS mediated iron chelation was confirmed in the dissected middle 
midgut however this had no effect in the behaviour of neither the control nor the 
experimental fly populations (Figure	   26). Control and experimental flies were also 
reared on 5 mM ferric ammonium citrate (FAC), a treatment that triples both total 
ferritin and total iron levels (Missirlis, Holmberg et al. 2006). I found no effects in the 
behaviour in either fly genotype after increasing ferritin and total iron levels (Figure	  26). Although altering the levels of iron in the Drosophila  had no apparent effect in 
their rhythmic behaviour both in control y w and UAS-Dicer2;tim27-Gal4/UAS-
Fer2LCH-RNAi flies, visual comparison of the iron region in the middle midgut 
between the two population of flies, show the expected effects after each treatment. 
After FAC treatment UAS-Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi flies appear to 
have more iron-loaded ferritin than control flies and similarly after BPS addition they 
retain more iron-loading ferritin compared the controls. It was evident that the effect of 
exogenous iron fluctuation was independent of circadian clock output. 
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Normal diet FAC diet BPS diet 
!
 
 
N 28 36 42 
% Rhythmic 26 27 36 
Period (h) 23.9±1.5 24.4±1.9 23.7±1.6 
Rhythm 
Strength 
1.8±0.3 1.7±0.2 1.6±0.1 
 
 
 !
       
N 21 28 30 
% Rhythmic 92 93 83 
Period (h) 23.2±0.5 24.1±0.4 23.7±0.7 
Rhythm 
Strength 
2.9±0.2 2.6±0.4 2.2±0.3 !
UAS$Dicer2;,
-m27$Gal4/
Fer2LCH,RNAi,
y,w;,+/+,
Normal diet FAC diet BPS diet 
 
 
Flies were entrained in 3 cycles of LD and samples collected after 3 cycles of DD. The middle 
midgut region of control y w and UAS-Dicer2;tim27-gal4/UAS-Fer2LCH-RNAi flies is shown 
as well as tabulation of circadian behaviour of flies kept in DD for 7 days under the indicated 
diet conditions. The behaviour experiment was repeated twice and averages of both 
experiments are shown.   
 
 
 
 
Figure 26: Activity analysis after dietary manipulations of iron. 
	  90	  
4.6 Total Accumulation of Iron and Other Essential Metals 
Remains Unaffected in the Fer2LCH-RNAi flies 
 
To generate a profile relevant to iron homeostasis of both control y w and UAS-
Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi flies, I have assessed the levels of important 
bio-metals (iron, copper, zinc and manganese) by the use of atomic absorption 
spectrometry. No apparent difference was evident in copper and manganese however a 
mild decrease was observed in zinc, between y w and RNAi (Figure	  27). Iron levels 
were not altered in UAS-Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi flies compared to 
controls, an observation consistent with the results of iron staining in tissues and on 
isolated ferritin, discussed in section 4.4. It is also notable that high levels of iron and 
zinc were obtained in both populations of flies. These findings indicate that the key 
metal ions are not affected after Fer2LCH-RNAi in Drosophila , with a difference in 
levels of Zinc between controls (y w) and UAS-Dicer2;tim27-Gal4/UAS-Fer2LCH-
RNAi flies. 
0.000#
0.050#
0.100#
0.150#
0.200#
0.250#
M
et
al
&c
on
ce
nt
ra
+o
n&
m
g/
g&
y#w#
RNAi#
################################Cu##############################Fe###############################Mn##############################Zn#
(P#<#0.01)#
#
######**#
 
 
Flies were collected during the day (ZT2-6) for a period of a week and stored in -80OC until 
used. Sample processing was carried out as described in 2.10. The experiment was performed 
in twice and SEM is shown (P < 0.01, Two-way Anova). 
 
 
Figure 27: Comparison of metal ions in adult flies after Fer2LCH silencing.  
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4.7 Behavioural Effects of Ferritin Subunit Overexpression in 
Clock and Non-clock Cells 
 
 
To investigate whether increasing levels of ferritin in Drosophila  resulted in similar 
behavioural effects observed after silencing Fer2LCH, individual ferritin subunit 
transgenes were driven with tim-Gal4 and cry-Gal4. Two different Gal4 driver fly lines 
were used for each driver type (line 27 and 62 for tim; line 17b and 39 for cry), the F1 
progeny of the individual adult males was subjected to behavioural analysis and the 
results are shown in Table	  6. A modest reduction in rhythmic behaviour, of 31% and 
36% was observed in UAS-LCH;cry39-Gal4/+ and UAS-LCH;cry39-Gal4/+flies, 
respectively. No evidence of a behavioural effect was observed after overexpression of 
each ferritin homologue with tim-Gal4 suggesting no functional compromise of the 
central clock.  
 !
!
!!!!!!UAS%LCH;+/+;+/+!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!UAS%HCH;+/+;+/+!
N"
%"
Rhythmic" Period"(h)"
Rhythm"
Strength" Gal4% N"
%"
Rhythmic" Period"(h)"
Rhythm"
Strength"
44" 90" 23.8±0.7" 2.9±0.4" tim27& 23" 86" 23.5±0.6" 2.8±0.3"
16" 90" 23.9±0.4" 3.8±1.1" tim62& 16" 87" 24.1±0.2" 4.0±0.9"
16" 94" 23.5±0.3" 3.8±0.6" cry17b& 16" 75" 23.3±0.4" 2.7±0.3"
16" 69" 23.8±0.3" 2.0±0.3" cry39& 14" 64" 23.8±0.6" 2.1±0.4"
16" 88" 23.0±0.5" 2.8±0.4" fer212& 16" 100" 23.3±0.3" 3.0±0.3"
16" 94" 23.6±0.3" 3.2±0.4" fer303& 9" 77" 23.8±0.7" 2.8±0.4"!  
 
To further determine whether ferritin overexpression cause a behavioural effect, two 
different fly lines Fer2LCH212-Gal4 and Fer2LCH303-Gal4 (both characterised in 
section 5.4, Figure	   31) were used to drive expression of endogenous Fer2LCH in 
Table 6: Analysis of circadian behaviour after overexpression of the individual ferritin subunits. 
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subsets of the endogenous Fer2LCH expression pattern. No behavioural effect was 
observed, indicating that increased levels of ferritin are not affecting the rhythmic 
activity of the fly.  
Ferritin overexpression by means of the Gal4-UAS binary expression system was 
shown previously to require induction of both ferritin subunits to achieve quantifiable 
accumulation of assembled holoferritin polymers in adult flies (Missirlis, Kosmidis et 
al. 2007). In view of this, I have used a fly line that carry both the transgenes in UAS-
Fer1HCH, UAS-Fer2LCH and crossed it to each of the clock drivers as well as to 
Fer2LCH212-Gal4 (Table	   7). The majority of the flies retained normal circadian 
rhythms in DD, however a mild reduction of the number of rhythmic flies was 
observed in UAS-LCH,UAS-HCH;cry17-Gal4. 
 
 
!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!UAS%LCH,UAS%HCH;+/+;+/+!
Gal4% N" %"Rhythmic" Period"(h)"
Rhythm"
Strength"
tim27& 14# 78# 24.1±0.4# 2.5±0.7#
cry17b& 12# 66# 23.4±0.8# 2.2±0.5#
fer212& 20# 95# 23.6±0.6# 2.4±0.6#!
 
 
4.8 Behavioural Effects of Ferritin Subunit Overexpression in 
Glia 
 
As I mention in section 1.5, I have participated in a recent study aimed to evaluate if 
Drosophila  ferritin has a role in glia and to assess a potential role of iron in normal 
circadian behaviour, alterations in brain iron homeostasis, accompanied by a late-onset 
Table 7: Analysis of circadian behaviour after overexpression of both ferritin subunits. 
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behavioural syndrome in these flies have been reported (Kosmidis, Botella et al. 2011). 
As glia have been suggested to function in the fly circadian clock by interacting with 
neuro-aminergic pathways (Jackson 2011), whether overexpression of ferritin in glia 
could impact brain iron homeostasis causing circadian disturbances in Drosophila .  
To test this hypothesis, I monitored the activity patterns of flies that ferritin transgenes 
were driven in all adult brain glia with the Repo-Gal4 driver. Initially, I observed that 
three-week old flies overexpressing both chains in glia showed robust rhythms in 69% 
of the individuals tested (Table	  8). 
!!!!!!
Genotype 
 
Age N 
% 
Rhythmic Period (h) 
Rhythm 
Strength 
TM3, Sb/UAS-Fer1HCH, UAS-Fer2LCH 3 weeks 16 93 26.2 ± 1.4 2.7 ± 0.7 
Repo-Gal4/UAS-Fer1HCH, UAS-Fer2LCH 3 weeks 16 69 26.3 ± 1.9 2.6 ± 1.1 
TM3, Sb/UAS-Fer1HCH, UAS-Fer2LCH 6 weeks 13 84 26.2 ± 2.5 2.4 ± 1.0 
Repo-Gal4/UAS-Fer1HCH UAS-Fer2LCH 6 weeks 28 57 25.7 ± 2.6 1.7 ± 0.7 
Nrv2-Gal4/UAS-Fer1HCH UAS-Fer2LCH 6 weeks 16 63 26.1 ± 2.6 2.7 ± 1.1 
Nrv2-Gal4/+ 6 weeks 11 91 26.9 ± 2.1 2.5 ± 1.0 
TM3 Sb/UAS-Fer1HCH 6 weeks 14 85 26.3 ± 0.9 2.6 ± 0.9 
Repo-Gal4/UAS-Fer1HCH 6 weeks 32 75 26.4 ± 1.9 2.3 ± 1.3 
Nrv2-Gal4/UAS-Fer1HCH 6 weeks 15 80 26.8 ± 2.1 2.1 ± 0.8 
TM3, Sb/UAS-Fer2LCH 6 weeks 14 85 26.7 ± 0.4 3.1 ± 1.1 
Repo-Gal4/UAS-Fer2LCH 6 weeks 24 54 24.9 ± 2.7 1.9 ± 1.2 
Nrv2-Gal4/UAS-Fer2LCH 6 weeks 15 80 26.1 ± 2.7 2.1 ± 0.8 !  
 
To assess the possibility of late onset behavioural effects, I have performed the same 
experiment using six-week old flies and quantified individual outputs (Table 8, Figure 
26). Quantification of rhythmic patterns showed that 57% of six-week old individuals  
overexpressing both ferritin subunits in glia remained rhythmic in constant darkness 
with a notable reduced value for rhythmicity statistic (R.S.=1.7±0.7), suggesting 
Table 8: Analysis of circadian behaviour after ferritin overexpression in glia. 
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behavioural disturbances even in the flies categorized as rhythmic. 85% of control flies 
carrying the transgenes without the driver (see Appendix, Table 14) were rhythmic 
with typical R.S. values greater than 2.5. 
 
 
Double-plotted locomotor actograms of representative male progeny of the indicated 
genotypes, spanning 5 days in DD are shown. A significant proportion of transgenic flies with 
simultaneous overexpression of both ferritin subunits in glia resulted in an arrhythmic 
behavioural phenotype during the sixth week of adult life span. This phenotype is less common 
during the third week of life span in sibling flies with the same genotype and in control flies 
carrying the transgenes in absence of a driver (UAS-Fer1HCH, UAS-Fer2LCH/TM3, and Sb). 
 
I have repeated these experiments with an independent Gal4 driver specific for glia 
cells, Nrv2-Gal4 (Pereanu, Shy et al. 2005). Consistently, 63% of 6-week old Nrv2-
Gal4/UAS-Fer1HCH, UAS-Fer2LCH flies were rhythmic compared to 91% for similar 
aged Nrv2-Gal4 control flies (Table	   8). Flies overexpressing Fer1HCH in glia were 
less affected (75% and 80% rhythmicity when expression was driven with Repo-Gal4 
or Nrv2-Gal4, respectively) but flies overexpressing Fer2LCH with Repo-Gal4 showed 
a circadian phenotype (54% rhythmic and R.S. 1.9 ± 1.2).  
Overall, disturbance of circadian rhythmicity suggests that these flies can be used to 
study the relevance of brain iron trafficking to the function of the circadian clock. 
 
 
 
 
 
Figure 28: Beahvioural arrhythmia in 6 week old flies overexpressing ferritin in glia. 
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4.9 Conclusion  
 
In conclusion, the genetic screen I performed uncovered a requirement for the ferritin2 
light chain homologue (Fer2LCH) to maintain normal circadian behaviour of flies 
under free-running conditions of constant darkness. Out of 48 genes silenced in clock 
cells, with two different clock Gal4 driver lines, only Fer2LCH RNAi showed the most 
significant and consistent reduction of the rhythmic flies, underlying an effect in the 
ability of the clock to maintain rhythmic activity and this result is scrutinized further in 
Chapter 5.   
Fer2LCH silencing caused an iron overload ferritin in the middle midgut of the 
Fer2LCH deprived flies, but less total ferritin protein meant iron content remained 
unaffected. Overexpressing Fer2LCH caused moderate effects in the circadian 
behaviour of young flies, whereas at older individuals there was an age-dependent 
decline. Additionally, dietary manipulation of iron had no effect in the percentage of 
arrhythmic flies obtained after Fer2LCH silencing, suggesting that systemic iron 
homeostasis formation was not the reason behind the observed phenotype. Silencing 
Fer1HCH resulted in lethality with tim-Gal4 and in rhythmic flies with cry-Gal4, 
suggesting that the effects on the clock were Fer2LCH specific.   
Considering, that Fer1HCH mutants are lethal in mice and flies (Ferreira, Bucchini et 
al. 2000; Missirlis, Kosmidis et al. 2007) and that Gal4-mediated silencing of 
Fer1HCH in clock cells results in lethality, the observation that UAS-Dicer2;tim27-
Gal4/UAS-Fer2LCH-RNAi flies survive to adulthood, suggest that endogenous ferritin 
is likely expressed in clock cells and altering its levels manifests in arrhythmia.  
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Chapter 5: Identification of two Subsets 
of Clock Neurons that Require 
Optimal Fer2LCH Expression to 
Maintain Rhythmic Behaviour 
 
 
5.1 RNAi of ferritin homologue chain Genes in Other Cell 
Types  
 
 
From the results obtained in Chapter 4, it became apparent that although both clock 
driver lines (tim27-Gal4 and cry17b-Gal4) have similar expression pattern to the clock 
cells, they must have got a diverse spatial pattern regarding the non-clock cells 
expression that might explain the contrasting results obtained after silencing the 
different iron homeostasis genes. tim-Gal4 is known to drive expression in both clock 
and non-clock cells (Stoleru, Peng et al. 2004), therefore to ensure the specificity of 
phenotype in the clock cells I crossed both UAS-Dicer2;Fer2LCH-RNAi and UAS-
Dicer2;Fer1HCH-RNAi lines with different spatially restricted peripheral Gal4 drivers.  
 
Fer2LCH RNAi driven by Repo-Gal4 resulted in lethality, likely due to strong Gal4 
expression during development, whereas adult-specific Nrv2-Gal4-driven RNAi 
resulted in rhythmic flies (Table	  9).  
Table 2. Analysis of circadian behaviour of transgenic flies kept in constant darkness. 
Fer2LCH and Fer1HCH RNAi was driven by clock-specific and peripheral Gal4 drivers. 
  
UAS-Dicer2; UAS-Fer2LCH-RNAi 
N 
% 
Rhythmic 
Period 
(h) 
Rhythm 
Strength  
10 40 23.3±0.3 2.4±0.5 
16 88 23.4±0.6 2.9±0.8 
20 100 23.2±0.3 4.1±1.1 
Lethal - - - 
16 94 23.6±0.5 3.7±0.4 
Lethal - - - 
16 93 23.6±0.3 2.9±0.9 
36 86 23.8±0.5 2.7±0.8  
Gal4  
drivers 
 
Elav 
TH 
GMR 
Repo 
Nrv2 
Actin 
Midgut 
RG  
UAS-Dicer2; UAS-Fer1HCH-RNAi 
N 
% 
Rhythmic 
Period 
(h) 
Rhythm 
Strength  
9 55 23.4±0.3 2.5±0.6 
12 100 24.0±0.6 2.9±0.6 
32 100 23.2±0.3 4.2±1.1 
Lethal - - - 
16 88 23.9±0.2 3.5±0.3 
Lethal - - - 
10 80 23.4±0.4 2.6±0.3 
30 87 23.4±0.3 3.7±1.0  
 
Table 9: Analysis of circadian behaviour after silencing each ferritin subunit in non-clock 
cells. 
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Fer2LCH RNAi with drivers that are highly specific to the ring gland and to the 
intestine also resulted in rhythmic flies. Fer2LCH RNAi in photoreceptors (GMR-
Gal4) and in dopaminergic neurons (TH-Gal4) resulted in normal circadian behaviour 
(Table	   9). As predicted from the results presented thus far, pan-neuronal RNAi of 
Fer2LCH with Elav-Gal4 resulted in arrhythmic flies and more interestingly in a robust 
reduction of the rhythmic flies after Fer1HCH-RNAi (Table	   9). RNAi of Fer1HCH 
with all other drivers tested, both clock and non-clock, did not disrupt circadian 
rhythms but only the viability in some instances.  
 
5.2  Fer2LCH Silencing in s-LNv and LNd Neuronal Clusters 
Results in Arrhythmic Behaviour  
 
 
There are about 150 clock neurons in the adult brain of Drosophila  and the tim-gal4 
transgene drives gene expression in all six groups of clock neurons (s-LNvs, l-LNvs, 
LNds, DN1s, DN2s and DN3s) (discussed in detail in section 1.2.2). To identify which 
neurons are more sensitive to Fer2LCH RNAi, Fer2LCH was silenced using different 
spatially restricted clock Gal4 lines (Figure	  29 and Table	  10). Figure	  29 shows the 
expression patterns and the corresponding behavioural phenotypes following RNAi of 
the different Gal4 lines used. As with tim27-Gal4, the cry17b-Gal4 drives expression in 
a broad subset of clock neurons and when used to silence Fer2LCH the resulting flies 
exhibit an arrhythmic phenotype. Since cry17b-Gal4 had not been previously 
characterized, the driver was crossed to a UAS-GFP reporter. The expression profiles 
of cry17b-Gal4 as well as of the most relevant driver lines used are shown in Figure	  29.  
	  98	  
UAS$Dicer2;,m27$Gal4/UAS$Fer2LCH$RNAi:!! UAS$Dicer2;cry17$Gal4/UAS$Fer2LCH$RNAi:!! UAS$Dicer2;pdf$Gal4/UAS$Fer2LCH$RNAi:!! UAS$dicer;cry39$gal4/UAS$Fer2LCH$RNAi:!!UAS$Dicer2;mai179$Gal4/UAS$Fer2LCH$RNAi:!!
!"""""""""""#"""""""""""$%""""""""""$&""""""""""""!"""""""""""#"""""""""$%"""""""""$&""""""""""""!"""""""""""#"""""""""""$%""""""""""$&""""""""""""!"""""""""""#"""""""""$%"""""""""$&""""""""""""!"""""""""""#"""""""""""$%""""""""""$&""""""""""""!"""""""""""#"""""""""$%"""""""""$&"""""""""""" !"""""""""""#"""""""""""$%""""""""""$&""""""""""""!"""""""""""#"""""""""$%"""""""""$&""""""""""""!"""""""""""#"""""""""""$%""""""""""$&""""""""""""!"""""""""""#"""""""""$%"""""""""$&""""""""""""
A! B! C! D! E!
Cry39$Gal4:F! 
UAS$Dicer2;,m27$Gal4/UAS$Fer2LCH$RNAi:!! UAS$Dicer2;cry17$Gal4/UAS$Fer2LCH$RNAi:!! UAS$Dicer2;pdf$Gal4/UAS$Fer2LCH$RNAi:!! UAS$dicer;cry39$gal4/UAS$Fer2LCH$RNAi:!!UAS$Dicer2;mai179$Gal4/UAS$Fer2LCH$RNAi:!!
!"""""""""""#"""""""""""$%""""""""""$&""""""""""""!"""""""""""#"""""""""$%"""""""""$&""""""""""""!"""""""""""#"""""""""""$%""""""""""$&""""""""""""!"""""""""""#"""""""""$%"""""""""$&""""""""""""!"""""""""""#"""""""""""$%""""""""""$&""""""""""""!"""""""""""#"""""""""$%"""""""""$&"""""""""""" !"""""""""""#"""""""""""$%""""""""""$&""""""""""""!"""""""""""#"""""""""$%"""""""""$&""""""""""""!"""""""""""#"""""""""""$%""""""""""$&""""""""""""!"""""""""""#"""""""""$%"""""""""$&""""""""""""
A! B! C! D! E!
Cry39$Gal4:F!  
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UAS$Dicer2;cry19$Gal4/UAS$Fer2LCH$RNAi:!!
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(A) tim27-gal4 expression in all clock cells. (B) cry17b-gal4 expression in s- and l-LNvs and 
LNds and subsets of DNs. (C) Mai179-gal4 targeted expression in cry+ LNds and four s-LNvs. 
(D) Pdf-gal4 targeted expression in l-LNvs and s-LNvs. (E) cry19-gal4 targeted expression in 
s- and l-LNvs, LNds and subsets of DN1s and DN3s. (F) cry39-gal4 targeted expression in l-
LNvs and LNds. Images shown are taken on the right brain hemisphere and they are 
combinations of 3 confocal stacks. Neuron type and location is indicated with arrows. Double-
plotted locomotor actograms of representative individual male progeny of the indicated 
genotypes are shown, spanning 5 days in DD after release from LD entraining conditions.  
 
I report that the expression of the cry17b-Gal4 driver line resembles the cry39-Gal4. 
The only difference between these two driver lines was that cry39-Gal4 drives 
expression in DN1s whereas cry17b-Gal4 did not.  
Two additional cry-Gal4 lines (line 19 and 39) were used to silence Fer2LCH 
expression. An arrhythmic phenotype was observed after Fer2LCH silencing with 
cry39-Gal4, (Figure 29, F bottom panel) no effect in rhythmic behaviour of the flies 
Figure 29: Gal4 expression of clock driver lines as examined with a UAS-GFP reporter and 
representative behavioural outputs after the same drivers were crossed with UAS-
Dicer2;Fer2LCH-RNAi. 
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was observed after silencing Fer2LCH with cry19-Gal4. cry39-Gal4 has been reported 
to have a moderate strength as well as expressing in less non-clock cells compared to 
other cry-gal4 lines (Helfrich-Forster, Shafer et al. 2007), similarly to cry17b-Gal4 
line. The observation of a rhythmic phenotype after Fer2LCH RNAi with cry19-Gal4 
was attributed to the fact that cry39-Gal4 and cry17b-Gal4 to cry19-Gal4 lines have 
different expression patterns (Figure 29, B and E, top and bottom panel) since the latter 
express in l-LNvs and LNds but not s-LNvs (Figure 29E). 
 
 
It was surprising that Fer2LCH RNAi driven by Pdf-Gal4, which drives expression in 
the majority of s-LNvs and l-LNvs, did not impair circadian behaviour (Table	  10 and Figure	   29). Interestingly, Fer2LCH RNAi driven by Mai179-Gal4, which drives 
expression only in three cry+ LNds and four s-LNvs (Helfrich-Forster, Yoshii et al. 
2007; Yoshii, Todo et al. 2008), resulted in the majority of the flies lacking any 
detectable circadian rhythms (Figure 29C and Table	   10).  Therefore, I suggest that 
RNAi of Fer2LCH, simultaneously in cry+ LNds and s-LNvs, disrupts the circadian 
rhythms but not when silencing occurs separately in these clusters of neurons. 
Conversely, Fer2LCH RNAi with drivers specific to the posterior DNs, clk4.5F-Gal4 
and clk4.1M-Gal4, with the later having broader expression in DN1ps (Zhang, Chung 
et al. 2010), resulted in rhythmic flies (Table	  10). 
Table 2. Analysis of circadian behaviour of transgenic flies kept in constant darkness. 
Fer2LCH and Fer1HCH RNAi was driven by clock-specific and peripheral Gal4 drivers.  
UAS-Dicer2; UAS-Fer2LCH-RNAi 
N 
% 
Rhythmic 
Period 
(h) 
Rhythm 
Strength  
    
52 40 23.5±2.4 2.1±0.9 
32 78 24.1±0.6 2.7±0.7 
14 85 23.8±0.6 2.9±0.7 
22 100 23.9±0.7 3.3±0.8  
Gal4  
drivers 
 
clock 
mai179 
clk4.1M 
clk4.5F 
pdf  
UAS-Dicer2; UAS-Fer1HCH-RNAi 
N 
% 
Rhythmic 
Period 
(h) 
Rhythm 
Strength  
    
40 75 23.2±4.1 3.0±1.1 
32 75 24.1±1.7 2.9±1.2 
40 85 24.4±1.2 3.4±1.3 
28 96 23.9±0.9 3.6±1.2  
 
Table 10: Analysis of circadian behaviour after silencing each ferritin subunit in subsets of clock 
cells. 
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5.3 Gal80 Repression of Gal4 Activity Partially Rescues the 
Phenotype 
 
 
To verify that silencing Fer2LCH results in disruption of the circadian rhythms, only if 
driven simultaneously in cry+ LNds and s-LNvs, I have used two different fly lines 
UAS-Dicer2;tim-Gal4,pdf-Gal80 and UAS-Dicer2;tim-Gal4,cry-Gal80 in order to 
silence Fer2LCH in every clock cell expect the s-LNvs and l-LNvs with the pdf-Gal80 
repressive transgene and LNds, s-LNvs and l-LNvs with the cry-Gal80 repressive 
transgene (Stoleru, Peng et al. 2004). To show the suppression of Gal4-mediated 
transcriptional activation, I crossed the Gal80 strains to flies expressing GFP (Figure	  30). UAS-Dicer2;tim-Gal4,pdf-Gal80 have no detectable GFP signal in the region of 
the brain where anatomically the s-LNvs and l-LNvs are located, however all other 
clock cells were expressed and similarly UAS-Dicer2;tim-Gal4,cry-Gal80 have no 
detectable GFP signal of the lateral clock cells, except in subsets of DN1s and DN3s, 
suggesting that the repressive activities of pdf-Gal80 and cry-Gal80 are sufficient to 
counteract the transcriptional activity of their respective Gal4 drivers (Figure	  30). 
 
Based on my previous finding that silencing Fer2LCH with tim-Gal4 and cry-Gal4 
lines, but not pdf-Gal4, would result in large proportions of arrhythmic flies, I assayed 
the efficiency of Gal80 suppression through the use of a behavioural readout. My 
findings support the previous observations since the cry-Gal80 transgene partially 
rescued the behavioural arrhythmia caused by the corresponding Gal4-mediated cell 
ablation (Figure	  30B), whereas as expected, Fer2LCH silencing with UAS-Dicer2;tim-
Gal4,pdf-Gal80 had no significant effect in the behaviour of the flies (Figure	  30A). 
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UAS$Dicer2;,m$Gal4,cry$Gal80/UAS$Fer2LCH$RNAi=!!
0!!!!!!!!!!!!!!6!!!!!!!!!!!!!!12!!!!!!!!!!!!18!!!!!!!!!!!!!!!0!!!!!!!!!!!!!!6!!!!!!!!!!!!12!!!!!!!!!!!!!18!!!!!!!!!!!!
Mai179$Gal4=F! Tim$Gal4,Cry$Gal80=DN1!
DN3!
Tim$Gal4,Cry$Gal80=
UAS$Dicer2;,m$Gal4,pdf$Gal80/UAS$Fer2LCH$RNAi=!!
Tim$Gal4,Pdf$Gal80=
LNd!
DN3!
DN1!
DN2!
Tim$Gal4,Pdf$Gal80=A! B!
0!!!!!!!!!!!!!!6!!!!!!!!!!!!!!12!!!!!!!!!!!!18!!!!!!!!!!!!!!!0!!!!!!!!!!!!!!6!!!!!!!!!!!!12!!!!!!!!!!!!!18!!!!!!!!!!!!
 
(A) pdf-Gal80 suppresses Gal4 activation in LNvs however arrhythmia persists. (B) cry-Gal80 
suppresses Gal4 activity in 4 s-LNvs and LNds results in partial rescue of arrhythmia. Images 
shown are taken on the right brain hemisphere and they are combinations of 3 confocal stacks. 
Neuron type and location is indicated with arrows.  Double-plotted locomotor actograms of 
representative individual male progeny of the indicated genotypes are shown, spanning 5 days 
in DD after release from LD entraining conditions.  
 
 
My results reduce the possibility of direct involvement of l-LNvs PDF-expressing 
neurons since the arrhythmic phenotype persists in UAS-Dicer2;tim-Gal4,pdf-
Gal80/UAS-Fer2LCH-RNAi flies (Table	   11). In contrast, UAS-Dicer2;tim-Gal4,cry-
Gal80/UAS-Fer2LCH-RNAi flies show a 39% recovery in rhythmicity  (Table	   11) 
suggesting that the arrhythmic phenotype could be attributed to an effect in the s-LNvs, 
LNds and subsets of DN1s and DN3s. Additionally, the DN population of clock cells 
Figure 30: Gal80 repression of Gal4 as examined with a GFP reporter and representative 
behavioural output after silencing Fer2LCH. 
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was ruled in any involvement of the observed arrhythmic phenotype after Fer2LCH-
RNAi in section 5.2. 
 
 
 
In addition, both pdf-Gal80 and cry-Gal80 rescued the lethality induced by tim27-Gal4, 
but resulted in individual flies able to retain circadian rhythms in DD. Although this 
result suggests that Fer1HCH might be required in PDF+ neurons, the potential of 
tim27-Gal4 peripheral expression cannot be excluded as the underlying reson of the 
lethality effect seen in the tim27-Gal4, UAS-Fer1HCH-RNAi genotype. The only 
indication that Fer1HCH may be required for the maintenance of circadian rhythm was 
seen when the strong pan-neural driver Elav-Gal4 was used (Table 9). 
 
 
 
5.4 Fer2LCH Expression in Subsets of Clock Cells in the fly 
Brain 
 
The arrhythmicity observed in UAS-Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi flies 
suggests that Fer2LCH silencing affects the activity of neuronal clusters controlling 
rhythmic behaviour either by its presence in those specific neurons. To examine 
Fer2LCH abundance in relation to the clock neuronal clusters, two different fly strains 
containing the Fer2LCH212-Gal4 and Fer2LCH303-Gal4 transgenes have been 
crossed to a UAS-RFP reporter and imaging of adult brains revealed Fer2LCH-driven 
Table 2. Analysis of circadian behaviour of transgenic flies kept in constant darkness. 
Fer2LCH and Fer1HCH RNAi was driven by clock-specific and peripheral Gal4 drivers.  
 
 
 
 
 
UAS-Dicer2; UAS-Fer2LCH-RNAi 
N 
% 
Rhythmic 
Period 
(h) 
Rhythm 
Strength  
68 
 
72 26.0±1.8 2.3±0.6 
71 
 
51 24.2±2.5 2.3±0.8 
 
Gal4  
drivers 
 
tim,cry-
Gal80 
tim,pdf-
gal80  
UAS-Dicer2; UAS-Fer1HCH-RNAi 
N 
% 
Rhythmic 
Period 
(h) 
Rhythm 
Strength  
44 
 
90 24.4±0.5 3.6±1.0 
40 
 
82 24.1±1.0 2.6±0.7 
 
 
Table 11: Analysis of circadian behaviour after silencing each ferritin subunit with clock 
drivers for targeted genetic ablation. 
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localization of red fluorescence in the central and peripheral brain (Figure	  31A and B). 
Both Fer2LCH212-Gal4 and Fer2LCH303-Gal4 transgenes appeared to have similar 
expression pattern in the fly brain and therefore were used as in the following 
experiments (Figure 31A and B).  
Fer2LCH303*Gal4,UAS*RFP5Fer2LCH212*Gal4,UAS*RFP5
A" B"
 
Fer2LCH303*Gal4,UAS*RFP5Fer2LCH212*Gal4,UAS*RFP5
A" B"
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(A) Representative image of endogenous Fer2LCh localization using fer2lch212-Gal4/UAS-
RFP. (B) Representative image of endogenous Fer2LCh localization using fer2lch303-
Gal4/UAS-RFP. (C) a-TIM labeling of clock cells of control flies at CT18 show subcellular 
localization of TIM expression in l- and s-vLNs, LNd and DNs.  
 
 
The genotype flies were subjected to 3 cycles of LD followed by 72 hours in DD. At 
this point, heads of male adult flies were fixed at CT18, when clock proteins can be 
unequivocally detected in wild type flies, and TIM antibody was used in 
immunohistochemical experiments using whole mount dissected brains from adult 
male flies. a-TIM labels all clock neurons including clock lateral neurons s-LNv, l-
LNv, 5th LNv, LNds and clock dorsal neurons including DN1, DN2, and DN3s (Figure	  31C).  
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Figure 31: Expression pattern of Fer2LCH and a-TIM in the adult fly brain. 
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Interestingly, I found that Fer2LCH was expressed in neighboring cells as well as 
within subsets of the dorsal and lateral neurons (Figure	  32A, B and C). In particular, 
Fer2LCH driven expression was consistently observed within one of the s-LNvs and 
one of the LNds, supporting a role for Fer2LCH in the output of these neurons. 
Whether Fer2LCH expression in these neurons could modify the function of the 
network is unknown, however, a PER/TIM-based oscillator within the specific cells 
might directly regulate Fer2LCH expression. 
In addition, strong signal adjacent to l-LNvs was consistently observed (Figure	  32C), 
suggesting Fer2LCH expression in cells that could interact with the l-LNvs. It is 
interesting to note that PDF cycles only within the axons projecting from the s-LNv 
cells (Park, Helfrich-Forster et al. 2000) and therefore, Fer2LCH is within range for 
potentially interacting with cycling PDF if the neuropeptide is released along the axon. 
Whereas all s-LNv and l-LNv cells express CRY, only three of the six LNd are CRY-
positive. I propose that the one Fer2LCH-positive LNd is CRY positive, because the 
behavioural phenotype was obtained when mai179-Gal4 was used to downregulate 
Fer2LCH expression and mai179 drives expression only in the 3 CRY-positive LNds 
and in the 4 PDF-positive s-LNv.  
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LNds%
l'LNvs%
s'LNvs%
Fer2LCH212)Gal4,UAS)RFP4
C"
20μm%
 
 
(A) Fer2LCH212-Gal4/UAS-RFP (B) Fer2LCH303-Gal4/UAS-RFP (C) Fer2LCH212-
Gal4/UAS-RFP brains were stained with a-TIM (green). Images with no label are the result of 
an overlay. All images shown are single optical scans and in A and B arrows indicate 
colocalization. (A) and (B) show Fer2LCH expression in a brain hemisphere displaying GFP 
TIM neurons from two different representative transgenic fly lines expressing endogenously 
Fer2LCH. (C) A higher magnification of a lateral (s-LNvs and l-LNvs) and a dorsal region 
(LNds) from a different brain of Fer2LCH212-Gal4/UAS-RFP shows colocalization between 
both signals.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 32: Fer2LCH expression as revealed by enhancer trap lines in the vicinity of 
the circadian circuitry.  
	  110	  
5.5 The Molecular Clock Machinery is Disrupted in the 
Fer2LCH-RNAi flies 
 
 
To test the possibility of pacemaker neuronal cell lethality after Fer2LCH-RNAi in 
clock cells, UAS-Dicer2;tim27-Gal4 was crossed to UAS-Fer2LCH-RNAi, UAS-CD8-
GFP (expressing a stable membrane version of the GFP) and adult brains of the F1 
progeny were fixed at CT18. All clock neurons could be identified (Figure	   33), as 
expected.  
 
Images of UAS-Dicer;tim-Gal4/UAS-Fer2LCH-RNAi,CD8-GFP brains are shown, taken on the 
right brain hemisphere and they are 2 optical scans. Arrows indicate localization of clock cells. 
Clock cells were stained including LNvs, LNd and DN3s.  
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Figure 33: GFP TIM neurons in the brain of Fer2LCH-RNAi flies. 
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UAS-Dicer;tim27-Gal4/UAS-Fer2LCH-RNAi,UAS-CD8-GFP flies display an 
arrhythmic phenotype similar to the UAS-Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi 
flies (Appendix A, Table 14). Therefore, silencing of Fer2LCH does not appear to 
disturb the viability of the clock neurons, but may affect the rhythmic accumulation of 
TIM and PER proteins. 
 
Next, to determine whether Fer2LCH silencing affects the molecular oscillations of the 
genes sustaining the rhythmic activity of the flies, I monitored per and tim mRNA 
using quantitative reverse transcription polymerase chain reaction (qRT-PCR), PER 
and Fer2LCH protein by Western blot analysis and TIM protein by immuno-
fluorescent staining of whole mount preparations of adult Drosophila  brains.  
Since a UAS-Fer2LCH-RNAi transgene under the control of a clock Gal4 driver (UAS-
Dicer2;tim27-Gal4) was expressed, I reasoned that clock gene expression in the Gal4-
expressing cells could be affected. The initial phase of clock gene expression is daily 
synchronised by light during LD cycles but the arrhythmic phenotype manifests in DD 
conditions therefore, I sought to examine the rhythmic expression of period and 
timeless in DD after released from 3 cycles of LD. 
As expected, qRT-PCR measurements of per and tim mRNA in control y w flies 
showed low expression at CT2 (perceived morning) and high expression at CT18 
(perceived night), consistent with the notion that cyclic expression of the per and tim 
genes underlies the rhythmic behaviour of these flies (Figure	  34A, black bars).  
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Figure 1. Silencing of Fer2LCH in clock neurons leads to the loss of circadian 
rhythms in DD and deregulation of core clock transcription factors. A) y, w and 
B) UAS-Dicer2; tim
27
-Gal4/UAS-Fer2LCH-RNAi genotypes shown in double-plotted 
locomotor actograms showing representative individual male flies spanning 5 days in 
LD followed by 7 days in DD and further 4 days in LD. C) Visualization of clock 
neurons in dissected brains from UAS-Dicer2; tim
27
-Gal4, UAS-CD8-GFP/UAS-
Fer2LCH-RNAi flies. These flies were behaviorally arrhythmic, but showed no 
apparent signs of neuronal degeneration. D) qRT-PCR experiments showing relative 
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Figure 1. Silencing of Fer2LCH in clock neurons leads to the loss of circadian 
rhythms in DD and deregulation of core clock transcription factors. A) y, w and 
B) UAS-Dicer2; tim
27
-Gal4/UAS-Fer2LCH-RNAi genotypes shown in double-plotted 
locomotor actograms showing representative individual male flies spanning 5 days in 
LD followed by 7 days in DD and further 4 days in LD. C) Visualization of clock 
neurons in dissected brains from UAS-Dicer2; tim
27
-Gal4, UAS-CD8-GFP/UAS-
Fer2LCH-RNAi flies. These flies were behaviorally arrhythmic, but showed no 
apparent signs of neuronal degeneration. D) qRT-PCR experiments showing relative 
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y w and UAS-Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi flies were entrained in 3 LD following 
3 cycles of DD and samples were collected every 4 hours as indicated. Heads were collected at 
indicated time points.  
(A) Real-time quantitative PCR was performed on RNA samples (5 heads per sample) using 
primers specific for per and tim genes. Relative mRNA expression indicates the amount of 
clock gene transcript normalized to rp49 mRNA expression. The graphs represent the mean ± 
SEM for each time point from three independent samples (P < 0.01, Two-way Anova). 
 
(B) Protein extracts were isolated from 40 fly heads and subjected to Western blot analysis 
using a-PER antibody to determine the time-dependent changes in PER abundance. PER 
cycling was abolished in the experimental flies, compared to controls. Additionally, lower 
levels of PER was observed in almost all time points. The experiment was repeated 5 times. 
Ponceus was used to ensure equal loading. Lower histogram shows quantification of the PER 
bands (P < 0.05, ns: not significant by Two-way Anova) 
 
 
Although, per and tim gene expression was not significantly different between CT2 and 
CT18 in samples from UAS-Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi heads (Figure	  34A, blue bars), my results indicated that UAS-Dicer2;tim27-Gal4/UAS-Fer2LCH-
RNAi flies had inadvertently higher levels of per and tim mRNA at CT2 relative to y w 
controls, suggesting impaired rhythmic expression of these genes.  
I then confirmed that in lysates prepared from heads of y w flies kept under DD, PER 
protein accumulates during the subjective night with a few hours of delay relative to 
mRNA expression peaks (Figure	  34B), upper blot and black bars in quantification of 
Western repeats. In contrast, PER protein did not show consistent differences in 
amounts during the different time points in samples from UAS-Dicer2;tim27-
Gal4/UAS-Fer2LCH-RNAi heads (Figure	   34B), lower blot and blue bars in 
quantifications, further corroborating the evidence that the molecular clock is disrupted 
in these flies. Control flies show robust oscillations in per and tim expression with the 
timing of transcriptional upregulation correlating with low levels of PER, whereas 
heterozygous progeny of UAS-Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi, show reduced 
Figure 34: Effects in the clock core clock oscillator after Fer2LCH RNAi. 
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amplitude in mRNA molecular oscillations in addition to a dampening of rhythmic 
protein accumulation. The disruption in the molecular clock is evidence that the effects 
observed after silencing Fer2LCH, specifically alter expression of clock genes, which 
can significantly affect the period and rhythmicity of adult locomotor rhythm (Grima, 
Chelot et al. 2004; Stoleru, Peng et al. 2004).  
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Figure 35: TIM labeling show internal desynchronization in the brain of Fer2LCH-RNAi 
flies. 
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Flies were entrained in 3 LD following 3 cycles of DD and fixed at CT4 & 18 as indicated. 8 
brains were assessed for controls and 8 brains for the experimental in each time point. Each 
image show the right brain hemisphere is a combination of 2 confocal stacks. Neuron type and 
location is indicated with arrows. 
(A) Weak cytoplasmic expression of small and large LNds. No other neurons were observed in 
CT4. 
(B) Nuclear localization of TIM expression in all LNs and DNs.  
(C) Weak cytoplasmic expression of all lateral and dorsal neurons 
(D) Weak cytoplasmic localization expression, similar to (A).  
 
 
Whole mount immunohistochemistry was carried out to monitor TIM subcellular 
distribution particularly in s-LNvs and LNds. I found significant differences between 
controls and Fer2LCH-RNAi flies (Figure	  35A-D).  
Time dependent TIM accumulation as well as cellular localization was different 
between the control and the Fer2LCH-RNAi flies. In control flies, TIM was 
undetectable or found in the cytoplasm of LNds at CT4 (Figure	  35A), whereas weak 
nuclear TIM signal was observed in the brains of the Fer2LCH-RNAi flies in the s-
LNv, l-LNv, and LNds (Figure	   35C). At CT18, strong nuclear signal of TIM was 
visible in controls, however cytoplasmic TIM was observed in LNds occasionally 
(Figure	   35B). In contrast, weak signal of clock cells was seen in the brains of 
Fer2LCH-RNAi flies, underscoring the lack of synchronization within these cells. The 
finding of the abolished cycling pattern further explains the lack of rhythmicity 
observed in UAS-Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi flies.  
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5.6 RNAi Against Genes that Interact with Each of the Ferritin 
Chains 
 
Protein-protein and DNA-protein interactions play role in most biological processes 
and they function within networks of interacting complexes, which have been 
conserved throughout evolution. Since the molecular networks are built from specific 
binary interactions between individual proteins, different technologies have been 
developed for mapping binary interactions among proteins (Fields and Song 1989), 
aiming to provide clues of individual proteins but also about the structure and function 
of entire protein network (Uetz, Giot et al. 2000; Ito, Chiba et al. 2001; Giot, Bader et 
al. 2003; Li, Armstrong et al. 2004). To dissect the pathway of which Fer2LCH-RNAi 
results in a disruption of the molecular clock and hence arrhythmia in flies, I took 
advantage of a protein interaction map (Giot, Bader et al. 2003) and I have selected fly 
lines, available from Vienna Drosophila  RNAi Centre (VDRC), with insertions of 
genes that code for proteins which directly interact with either ferritin subunit. I have 
crossed these RNAi fly lines to both UAS-Dicer2;tim27-Gal4 and UAS-Dicer2;cry17b-
Gal4, the F1 progeny was subjected to behavioural monitoring and the tabulated results 
are shown in Table	  12 and Table	  13.  
Silencing of two out of eleven genes that coding for Fer2LCH protein interactors, with 
UAS-Dicer2;tim27-Gal4, resulted in lethality (eIF4AIII and exd) whereas silencing the 
same genes with UAS-Dicer2;cry17b-Gal4, one resulted in lethality (eIF4AIII ) and the 
other in a reduction of rhythmic flies (Table	  12).  
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Table 12: Analysis of circadian behaviour after clock Gal4-induced silencing of 
genes coding for proteins that interact with Fer2LCH. 
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Table 13: Analysis of circadian behaviour after clock Gal4-induced silencing of 
genes coding for proteins that interact with Fer1HCH. 
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EXD acts as a cofactor with homeotic genes in transcriptional activation (Gonzalez-
Crespo and Morata 1995) and eIF4AIII acts as a translation initiation factor (Shibuya, 
Tange et al. 2004), however both have in common that no association to the clock 
function has been reported to date. A reduction (50%) of rhythmic flies was observed 
after silencing CG12811 gene with both Gal4 driver lines but the molecular function is 
unknown. 
 
Interestingly, silencing the Female sterile (2) Ketel (FS(2)KET), a component of the 
nuclear import machinery (Kumar, Wilkie et al. 2001), out of seventeen genes coding 
for Fer1HCH protein interactors, with both Gal4 driver lines, resulted in a robust 
reduction of the rhythmic flies (Table	  13), with a notable high rhythm strength (R.S.) 
of the remaining rhythmic flies.  
Even more interesting was the observation that silencing SLMB with UAS-
Dicer2;cry17b-Gal4 resulted in a 50% reduction of the rhythmic flies whereas UAS-
Dicer2;tim27-Gal4 directed silencing of SLMB resulted in lethality whereas (Table	  13). The product of the SLMB gene (a member of the F-box/WD40 protein family that 
targets phosphorylated proteins for degradation) has been shown to be an essential 
component of the Drosophila  circadian clock, since SLMB mutants are behaviourally 
arrhythmic, and can be rescued by targeted expression of SLMB in the clock neurons 
(Grima, Lamouroux et al. 2002). Revealing the nature of Fer1HCH and SLMB 
interaction might help to understand how ferritin deprivation might affect the circadian 
oscillator.  
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5.7 Conclusion  
 
 
 
Taken together, the results of this Chapter lead to the identification of Fer2LCH as a 
new player in the molecular clock machinery. I showed that in addition to behavioural 
arrhythmia, silencing of Fer2LCH in two neuronal clusters (CRY+ s-LNv and LNd) 
leads to molecular desynchronization of TIM and PER proteins in clock neurons. To 
verify this conclusion, Fer2LCH was silenced in all but the alleged cells, and the 
majority of the flies showed normal behavioural activity. To extend these conclusions, I 
also showed endogenous Fer2LCH localization within the s-LNv and LNd neuronal 
clusters.  
 
I also looked for potential effects of silencing Fer2LCH in peripheral tissues, but no 
effect in the behaviour of the flies was found, excluding the possibility of interplay 
between Fer2LCH deprivation and peripheral clock.  
 
Three potential candidates were revealed, two (FS(2)KET and SLMB) of which 
implicate Fer1HCH to the circadian clock and one (CG12811) that add to my findings 
for a function of Fer2LCH to the circadian clock machinery.  
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Chapter 6: Discussion 
 
 
6.1 The Power of Genetic Screens: Effects of Silencing Iron 
Metabolism Genes in the Clock Neurons of Drosophila  
 
To address whether the circadian clock of Drosophila  melanogaster can be affected by 
genetically interfering with iron homeostasis, I have used the Gal4-UAS-RNAi system 
to reduce the expression of defined molecular components of iron metabolism and 
tested implications of the circadian clock machinery by measuring the ability of the fly 
to sustain rhythmic behaviour in free running conditions. Gal4-UAS has been 
extensively used for targeted gene expression in Drosophila  research (Duffy 2002), 
combined with gene knockdowns using RNA interference (RNAi), a technology 
developed by Andrew Fire and Craig C. Mello in 1998 to deplete the endogenous 
messenger RNA by using double-stranded RNA injected into host cells (Pal-Bhadra, 
Bhadra et al. 1997). Using the RNAi approach, care needed to be taken since 
phenotypes can be cell-type or developmental-stage specific. Therefore the screen was 
taken place with well-characterized clock drivers and the time of sampling, the age and 
the entrainment conditions of the organism have been kept constant throughout my 
work. 
Following a long history of research in vertebrate iron homeostasis and discoveries that 
enriched our knowledge (Hentze, Muckenthaler et al. 2004; Piccinelli and Samuelsson 
2007; Collins, Wessling-Resnick et al. 2008; Arosio, Ingrassia et al. 2009), it is 
understandable that invertebrate iron homeostasis and iron metabolism is less 
understood. Also, from previous studies in Drosophila  we know that even though 
some general features of iron metabolism are conserved, their specific function or 
regulation may differ. Therefore, the design of my work was initially based on the 
selecting candidate genes either because of their prior implication in iron homeostasis 
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of Drosophila  or because they are clear homologues of genes implicated in 
mammalian iron metabolism. Based on this idea, 48 genes that functioning in iron 
trafficking, heme and iron-sulfur (Fe-S) cluster biosynthesis and catabolism (Tables 2, 
3 and 4) were downregulated by RNAi driven in clock cells. To aid in the identification 
of potential false positives, I have used different Gal4 driver lines to suppress the 
expression of the chosen genes. I concentrated my analysis on a gene for which an 
effect was seen with both Gal4 drivers. Ensuring that false positives were identified 
was an important factor since part of the novelty of my study comes from the fact that, 
beyond the implication of heme there has been no attempt to link iron metabolism and 
circadian clock in the past and any finding could be fundamental in future studies.  
 
Iron is incorporated into iron-sulfur clusters and into protoporhyrin IX to generate 
heme, the main iron-containing prosthetic group. Silencing four out of five genes 
coding for enzymes in heme biosynthesis, three of which occur in the mitochondria 
including porphobilinogen synthase (Pbgs), corpoporphyrinogen III oxidase (Coprox), 
protoporphyrinogen oxidase (Ppox), in all clock cells (UAS-Dicer2;tim27-Gal4) 
resulted in lethality, but in no effect when a spatially restricted clock driver was used 
(UAS-Dicer2;cry17b-Gal4) (Table	  2). However silencing 5'-Aminolevulinate synthase 
(Alas) with both Gal4 driver lines resulted in lethality, suggesting that Alas disruption 
in the clock has a deleterious effect. One member of the core clock mechanism, 
neuronal PAS 2 (NPAS2), has a heme-binding motif (Dioum, Rutter et al. 2002) and it 
has been shown that heme controls activity of the BMAL1–NPAS2 transcription 
complex in vitro (Dioum, Rutter et al. 2002).  Further experiments in mice have shown 
that NPAS2 transcriptionally regulates Alas1 (Kaasik and Lee 2004) and although 
circadian oscillations in the expression of the rate limiting enzyme for heme 
production, Alas1, have been previously noted (Zheng, Albrecht et al. 2001) there has 
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been no direct report to show an effect in the rhythmic behaviour of an organism after 
interfering with Alas1 expression.   
The last reaction in the pathway of heme synthesis is the incorporation of iron into 
protoporhyrin IX to give protoheme and is catalyzed by ferrochelatase 
(Ferrochelatase), an iron-sulfur-containing enzyme, present in the inner membrane of 
the mitochondria (Lecerof, Fodje et al. 2000). No effect was observed after silencing 
the gene coding for ferrochelatese or the two genes coding for the heme oxygenase 
(Ho) and biliverdin reductase (CG9471), the enzymes responsible for heme degradation 
(Table	  2). These observations were surprising since, the catalytic breakdown of heme 
by the Ho, releases carbon monoxide (CO) (Tenhunen, Marver et al. 1969) and CO 
transmit signals between neurons through binding to a heme moiety at the active site of 
soluble guanylyl cyclase (Boehning and Snyder 2002). Because Ho represents the 
major intracellular pathway that generates endogenous CO and NPAS2 is a 
hemoprotein whose DNA binding activity is selectively regulated by CO, I was 
anticipating that by disrupting this cycle might have revealed another mechanism that 
may be used to modify the circadian clock via modulation of intracellular heme levels. 
Moreover, silencing two genes encoding heme-containing proteins, catalase (Cat) and 
cytochrome c-heme linkage (Cchl), appear to have no effect in the behaviour of the fly 
(Table	  2). However, silencing FLVCR heme transporter (CG1358), a cell-surface heme 
exporter, with both Gal4 driver lines, resulted in a reduction of the rhythmic flies (35% 
with UAS-Dicer2;tim27-Gal4 and 40% with UAS-Dicer2;cry17b-Gal4).  
The only direct link in Drosophila  between circadian clock and heme is the single 
homologue of the mammalian REV-ERB, known as Nuclear Receptor Eip75B in 
Drosophila , a heme containing clock component (Reinking, Lam et al. 2005). 
Silencing Eip75B with both Gal4 drivers resulted in lethality indicating the importance 
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of Eip75B in the viability of the flies but not allowing me to ask whether the 
transcription factor contributes to the circadian clock of Drosophila . 
 
Previous examples of molecular links between the circadian clock and Fe-S involve, 
the screen and identification of mutants for circadian-resetting defects that revealed the 
involvement of a previously non-described iron-sulfur cluster protein (Fe-S) in the 
modulation of the circadian period of S. elongates (Katayama, Kondo et al. 2003). The 
identification of a photolyase-like protein that contains Fe-S from Agrobacterium 
tumefaciens was an indirect link between the circadian clock and Fe-S since 
photolyases and cryptochromes are evolutionarily related flavoproteins with distinct 
functions of repairing UV-induced DNA lesions in a light-dependent manner and 
circadian clock regulation, respectively (Oberpichler, Pierik et al. 2011). Furthermore, 
proteins that function through Fe-S biosynthesis have been shown to be involved to 
circadian period regulation in the S. elongates through the kinase CikA (Mackey, Choi 
et al. 2008). 
To identify circadian clock defects related to the involvement of Fe-S proteins in 
Drosophila , twenty-one genes were screened. Out of 21 genes silenced, 17 appeared to 
have no effect in the survival or behaviour of the flies, including IscA1 homologue 
(CG8198), IscA2 homologue (CG13623), Grx3, Grx4 (CG6523), Grx5 (CG14407), 
ABCB7 (CG7995), ferredoxin (CG7349), Nbp35 (CG17904), CiaO1 (CG12797), Erv1 
(CG17843), MitoNEET (CG1458), cytosolic aconitase (Irp-1B), mitochondrial 
aconitase (Acon), Cu-Zn superoxide dismutase (Sod1), Mn superoxide dismutase 
(Sod2). Clock specific Gal4-mediated silencing of both nucleotide-binding protein 2, 
also known as cytosolic Fe-S cluster assembly factor NUBP2 (CG4858) and ISCS 
homologue (CG12264), a member of the Fe-S cluster assembly machinery which 
support the assembly of a subset of Fe-S apoproteins, resulted in puzzling results. 
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Silencing both genes with UAS-Dicer2;tim27-Gal4 had no effect in either the survival 
or behaviour of the fly in contrast there was a robust reduction in the rhythmic 
population of the flies after silencing each gene with UAS-Dicer2;cry17b-Gal4 (Table	  3). Since both Gal4 driver lines direct expression in all clock cells, with the difference 
that cry17b-Gal4 expresses in fewer non-clock cells than tim27-Gal4, I would expect a 
stronger effect after silencing each gene with tim27-Gal4. More consistent results were 
obtained after silencing Iba57 (CG8043), a member of the Fe-S cluster machinery 
involved in the maturation of mitochondrial Fe-4S proteins functioning in the Fe-S 
cluster assembly pathway and IscU homologue (CG9836), a Fe-S cluster scaffold 
protein essential for mitochondrial and cytosolic aconitases function. CG9836 silencing 
with UAS-Dicer2;tim27-Gal4 resulted in lethality and in a robust reduction of rhythmic 
flies with UAS-Dicer2;cry17b-Gal4 (Table	   3), suggesting an effect in circadian 
rhythms of Drosophila . Similarly, CG8043 RNAi with UAS-Dicer2;tim27-Gal4 had a 
consistent effect in the rhythmicity of the flies. In this case, a weaker phenotype was 
observed after silencing with UAS-Dicer2;cry17b-Gal4 (Table	   3), further suggesting 
expression in different subsets of cells by the two drivers and possibly differences in 
expression of Fe-S cluster biosynthesis genes in these cells. I cannot rule out the 
possibility that these lingering inconsistencies arise from variation in the extent of 
RNAi-mediated knock down within individual genes between animals.  
Iron plays a crucial role in mitochondrial metabolism and the consequences of 
disruption to the [Fe-S] and heme biosynthetic pathways can be detrimental for this 
organelle as well as to the cell itself. Although iron trafficking pathways that deliver 
and export iron cofactors from the mitochondrion remain unclear, biosynthetic 
molecular pathways of cellular iron cofactors are well characterized. Genes coding for 
proteins with high similarity to know mammalian enzymes have been identified in 
insects. 
	  126	  
To identify potential roles of iron trafficking and utilization components in the 
circadian clock of Drosophila , genes that impact the iron household were selected and 
their expression was reduced by clock specific Gal4-mediated silencing. Out of 16 
genes silenced with both Gal4 drivers, 13 appeared to have no effect in the survival or 
behaviour of the flies (Table	  4) including transferrin (Tsf1), melanotransferrin (Tsf2), 
divalent metal transporter (Mlv), DcytB-like (Nemy), DcytB-like (CG1275), 
multicopper oxidase (MCO3), zinc-iron transporter (Zip3), ABC transporter 
(CG10505), mitoferrin (Mfrn), mitochondrial ferritin (Fer3HCH), poly (rC) binding 
protein (mub), TMPRSS6 iron sensing (CG32702) and Fbxl5 iron sensing (CG9003). 
The disruption of iron homeostasis, resulting from suppression of genes relevant to iron 
trafficking and utilization, might be expected to lead to the generation of deleterious 
reactive oxygen species via iron-catalyzed Fenton chemistry, however, apart from 
RNAi of transferrin  (Tsf3) resulting in a reduction of the rhythmic population of flies 
with UAS-Dicer2;tim27-Gal4 and to a less extent with UAS-Dicer2;cry17b-Gal4 
(Table	   4). The only robust reduction of rhythmic flies, using both driver lines, was 
observed when ferritin light chain homologue (Fer2LCH) was silenced (Table	  4). It is 
notable that using UAS-Dicer2;tim27-Gal4 to silence ferritin heavy chain homologue  
(Fer1HCH), the second ferritin homologue needed for holoferritin formation, resulted 
in lethality but had no effect with UAS-Dicer2;cry17b-Gal4. Fer1HCH is characterized 
by a ferroxidase center, needed for oxidation of ferrous iron to ferric iron whereas 
Fer2LCH promote crystallization and stabilization of the iron core. It has been 
suggested that in mammals ferritins with more Fer1HCHs show increased protection 
from iron induced oxidative stress, while ferritins with more Fer2LCHs improve long 
term storage of iron (Recalcati, Invernizzi et al. 2008) however in Drosophila , genetic 
interactions between Fer1HCH and Fer2LCH indicate that the ratio between both 
subunits is fixed (Missirlis, Kosmidis et al. 2007).  
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Although ferritins are best known for the function in iron storage, during their long 
evolutionary history it is not too surprising that they may have been adapted to serve 
other functions as well (Arosio, Ingrassia et al. 2009). Some of the previously proposed 
functions attributed to ferritin are notably subunit-specific; for example nuclear ferritin 
is thought to be H chain specific (Casteleyn, Rekecki et al. 2010) and failure of nuclear 
translocation was recently proposed to contribute to triple A syndrome, a rare and 
poorly understood neurological disorder (Tiwari, Prasad et al. 2009). Other H chain 
specific functions have been proposed in the regulation of folate metabolism (Woeller, 
Fox et al. 2007) and of the CXC chemokine receptor 4 (Li, Luo et al. 2006). 
Interestingly, L chain has been previously implicated in the maturation of tyrosinase, a 
copper dependent enzyme required for melanin production (Maresca, Flori et al. 2006). 
Based on my results and an intriguing possibility to reveal a novel requirement of 
ferritin in circadian rhythms in Drosophila  melanogaster, I investigated further a 
potential role of the individual ferritin subunits to the circadian clock. 
 
 
6.2 Identification of Fer2LCH as a Candidate Gene in Clock 
Function  
 
To clarify that Fer2LCH-RNAi in clock cells results to a disruption in the circadian 
clock, I had to ensure the specificity of the Gal4 driver lines used, to exclude the 
possibility of a background mutation or an off target RNAi effect and to exclude a 
maternal effect. In addition to demonstrating expression in all major circadian 
pacemaker groups, tim-Gal4 driver lines also drive widespread expression in nominally 
non-circadian brain areas, including the central complex, antennal lobe, and lateral horn 
(Kaneko and Hall 2000). The three UAS-Dicer2;tim-Gal4 driver lines (line 62, 82 and 
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86) used gave identical results after silencing each ferritin subunit (Table	  5), however 
their broad expression raising questions as to the precise site of Fer2LCH-RNAi effects 
in the circadian clock. To address this issue, I utilized cry-Gal4, which drives broad 
expression among all major circadian neuronal groups but with a relatively limited non-
circadian expression (Helfrich-Forster, Shafer et al. 2007).  Silencing Fer2LCH-RNAi 
with two out of three UAS-Dicer2;cry-Gal4 lines resulted in a robust reduction of 
rhythmic flies, as seen with UAS-Dicer2;tim-Gal4 driver lines, however silencing 
Fer1HCH resulted into viable rhythmic flies (Table	   5) UAS-Dicer2;cry-Gal4 lines. 
The observation that Fer1HCH-RNAi in clock cells (tim-Gal4) results in lethality 
whereas the UAS-Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi flies survive to adulthood, 
suggest that endogenous ferritin is likely expressed in clock cells and my first guess 
was that iron storage influenced the molecular time-keeping machinery. However, 
RNAi against Fer1HCH resulted in rhythmic flies with cry-Gal4, subsequently 
questions this speculation. Indeed, if functional ferritin heteropolymers, and hence iron 
storage, were to be implicated in the phenotype one should account for the finding that 
Fer1HCH RNAi in the clock neurons did not result in arrhythmia. This could still be 
possible only if Fer1HCH subunits were being expressed and trafficked from different 
cells, most likely other neurons, given that Elav-Gal4,UAS-Dicer2;UAS-Fer1HCH-
RNAi flies showed compromised circadian activity.  
Also, genetic manipulations in order to identify a role of ferritin or the individual 
subunits in the circadian might impact the iron housekeeping and lead to secondary 
effects, such as the lethality observed after Fer1HCH-RNAi, which could mask any 
direct effects on the circadian clock function. Because I was unable to generate viable 
adult Drosophila  that are devoid of ferritin protein, I could not address the 
consequences of a complete loss of ferritin function on circadian rhythmicity. So far the 
evidence consists of two independent UAS-Fer2LCH-RNAi transgene insertions used  
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(VDRC Id: 106960 and 14491), one of which provided identical results with both 
driver lines; the second had an effect with UAS-Dicer2; tim27-Gal4 but not with UAS-
Dicer2;cry17b-Gal4 (Table	   5). Apart from the fact that the efficiency of RNAi can 
vary between individual lines, a phenotype may also develop as the result of ‘off-
target’ effects, which are caused by the cross–reaction of the small interfering RNA 
(siRNA) to other mRNAs with sequence homology to the candidate gene (Zamore, 
Tuschl et al. 2000). I checked if this could be the case by comparing the sequence used 
to generate the Fer2LCH-RNAi construct to the whole genome, screening for conserved 
20 base pair matches and identified a single candidate, CG33017. To reduce the 
likelihood of such effect I crossed both clock Gal4 drivers to a fly line that carries the 
UAS-CG33017-RNAi insertion (Table	   4) in order to silence its expression in clock 
cells. I found no effect in the behaviour of the flies with either driver line, further 
suggesting that my findings for a behavioural phenotype underlying a circadian clock 
disruption are attributable to Fer2LCH silencing.  
 
 
6.2.1 Effects in Peripheral Tissues after Fer2LCH Silencing 
 
 
 
Mammalian peripheral oscillators are probably under SCN control (Lopez-Molina, 
Conquet et al. 1997; Balsalobre, Damiola et al. 1998), however based on the 
autonomous clocks present in a wide variety of peripheral tissues, with distinct 
circadian oscillations in isolated organs (Pollitt 1993; Emery, Noveral et al. 1997; 
Giebultowicz and Hege 1997), but also in peripheral tissues of the head such as eyes,  
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ocelli, antennae, proboscis, maxillary palps and fat bodies (Hall 2003; Bell-Pedersen, 
Cassone et al. 2005; Shafer, Helfrich-Forster et al. 2006), it is crucial to account for 
potential interplay from peripheral oscillators in the design of every research project.  
 
A good example of peripheral interplay is glia cells, that have been associated with the 
clock neurons (Helfrich-Forster 1995), contain a molecular clock that is independent of 
the LNs (Zerr, Hall et al. 1990), and have been suggested to play a role in the normal 
function of the circadian system of the fly (Ewer, Frisch et al. 1992). Another study 
showed that glia cells are required for normal circadian locomotor rhythms (Suh and 
Jackson 2007) and we have recently demonstrated a late-onset behavioural defect after 
overexperssion of ferritin in glia (Kosmidis, Botella et al. 2011). I have used the same 
glia drivers, Repo-Gal4 and Nrv2-Gal4, to silence Fer2LCH and I observed no 
behavioural effects, however Repo-Gal4-mediated Fer2LCH-silencing resulted in 
lethality, likely due to strong Gal4 expression during development (Table	  8). I should 
note here that the experiments were performed in young flies, as with all the RNAi 
work in this project. No other behavioural or survival requirement was observed when 
Gal4-mediated Fer2LCH-silencing was directed in peripheral tissues specific to the 
ring gland, intestine, photoreceptors and in dopaminergic neurons (Table	   9). Taken 
together, my observations support that Fer2LCH plays a role in the circadian rhythms 
of Drosophila , likely with a function present within the clock circuitry itself.   
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6.3 Behavioural Output of the Fer2LCH-RNAi flies  
 
 
My results indicate that Fer2LCH-mediated silencing in clock neuronal population 
severely affects the fly’s locomotor activity in DD conditions and display subtle 
changes in the morning anticipation over the LD cycle.  
In LD conditions, Fer2LCH-RNAi has no apparent effect in the locomotor activity of 
the flies, either day or night, suggesting that Fer2LCH is not required for rhythmic 
output from the clock in LD. However, Fer2LCH-RNAi flies showed no clear morning 
anticipation activity compared to the control flies (Figure	  22). The residual morning 
peak occurs after lights-on and almost certainly reflects a morning startle response, 
with little or no bona fide circadian anticipation (Wheeler, Hamblen-Coyle et al. 1993). 
Since morning anticipation is a characteristic of functional PDF-expressing LNv cells, I 
interpret the absence of lights-on anticipation to indicate that the seemingly normal 
evening peak CRY-expressing cells can apparently drive the clockless PDF neurons to 
direct a morning peak under LD conditions. Although the anatomical basis of PDF’s 
role in morning anticipation is less clear, the partial knockdown of s-LNv PDF using 
R6-Gal4 resulted in a significant reduction in morning anticipation indicating the 
importance of s-LNvs in morning anticipation (Shafer and Taghert 2009). On the other 
hand, ablation of the dorsal lateral neurons (LNds), PDF-negative s-LNv, and several 
dorsal neurons (DN1s), i.e., evening cells, virtually eliminates evening anticipation 
(Stoleru, Peng et al. 2004). Additionally, Fer2LCH-RNAi flies exhibited no phase-
advanced evening anticipation, an effect indicative to lack of PDF signaling (Renn, 
Park et al. 1999). Taken together, only control flies displayed robust morning and 
evening anticipation, suggesting that the molecular oscillators sustaining the morning 
of the rest-activity pattern under synchronized conditions were distinctly affected by 
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Fer2LCH-RNAi, which is also consistent with an impaired output from the central 
pacemaker cells (Grima, Chelot et al. 2004; Stoleru, Peng et al. 2004). 
 
In some cases, the LD bimodal activity profile of the fly does not disappear 
immediately after lights-off and release to constant conditions, such as DD, the time 
during which the flies are left in constant darkness before the beginning of the analysis 
often influences the DD data. However, in DD, Fer2LCH-RNAi in clock cells lead to 
arrhythmic behaviour in the first day of release in free-running conditions, consistent 
with previous reports, in which clock cells were silenced (Kaneko 1998; Stoleru, Peng 
et al. 2004; Murad, Emery-Le et al. 2007). Reduction by RNAi, using two different 
Fer2LCH transgenes had the same adverse effect, suggesting that the underlying causes 
of Fer2LCH RNAi-induced silencing were similar in the flies carrying either of the two 
transgenes. The results are similar to those obtained after blocking pacemaker synaptic 
output with tetanus toxin (ttx) (Kaneko, Park et al. 2000), since in DD, silencing of 
either ttx or Fer2LCH does not cause behavioural arrhythmicity when expressed in 
PDF neurons alone (Figure	  29), as opposed to that, both must be expressed in all clock 
neurons to cause arrhythmicity. The neuroarchitecture of the Drosophila  pacemaker 
system is complex and therefore to map the neurons most sensitive to Fer2LCH RNAi, 
I have used spatially restricted clock Gal4 driver lines to silence subsets of clock cells 
and I discuss my findings in detail in next section.   
 
I also asked whether expressing Fer2LCH-RNAi would further decrease the ability of 
the flies to resynchronize to shifted LD cycles. Control and UAS-Dicer2;tim27-
Gal4/UAS-Fer2LCH-RNAi flies were first subjected to LD, on day 6 released to DD for 
8 days and then to LD cycles with a delay by 6 hours. After the LD shift, control and 
UAS-Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi flies rapidly resynchronized their 
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morning and evening activity peaks to the new, delayed LD regime. The evening 
activity peak of both control and Fer2LCH-RNAi flies clearly followed the LD (Figure	  22), indicating that the rhythm is entrained by the LD cycle. Nevertheless, the shape of 
the evening peak was different from that prior to the shift: it was flatter and broader, 
and the activity stopped suddenly after lights-off in the Fer2LCH-RNAi flies, 
suggesting that the clock was also influenced. In contrast to the evening peak, the 
trajectory of the morning peak after the LD shift was less clear (Figure	  22) it appeared 
to start earlier than before the shift, but due to the very low activity level during the 
dark phase, this was difficult to judge unequivocally. 
 
 
 
 
 
6.4 Fer2LCH–RNAi in Subsets of Circadian Pacemaker 
Neurons Causes Arrhythmia in Drosophila  
 
 
 
The arrhythmic phenotype, characteristic to Fer2LCH silencing, underlies an abnormal 
core oscillator function in the central pacemaker neurons. The 150 oscillator neurons in 
the brain account for a fraction of oscillator cells in the fly head, where most oscillator 
cells reside in peripheral tissues such as eyes, ocelli, antennae, proboscis, maxillary 
palps and fat bodies (Bell-Pedersen, Cassone et al. 2005; Zheng, Ng et al. 2008). After 
ensuring that the behavioural arrhythmia is due to an effect in the brain of the fly, I 
have focused to identify the neurons in the central oscillator mostly affected, since the 
initial phenotype was observed using UAS-Dicer2;tim27-Gal4 (33% rhythmic, n:54) 
which drives expression in all clock but many non-clock cells. The different clock Gal4 
driver lines used are summarized in Table	  5. Interestingly, silencing of Fer2LCH with 
either UAS-Dicer2;cry-Gal4 (line 17 and 39) resulted in similar behavioural 
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phenotypes with percentages of rhythmic flies ranging between 22-41% (UAS-
Dicer2;cry17b-Gal4 22% rhythmic, n:46; UAS-Dicer2;cry39-Gal4  41% rhythmic, 
n:58), in contrast UAS-Dicer2;cry19-Gal4 mediated silencing of Fer2LCH had no 
effect in behaviour (Table	   5). cry19-Gal4 insertion was previously generated by 
jumping out the P element of the original cry-Gal4 insertion (Emery, Stanewsky et al. 
2000) and it has a more restricted expression pattern than cry39-Gal4 insertion 
(Klarsfeld, Malpel et al. 2004). cry17b-Gal4 has not been characterized and its 
expression pattern is shown here for first time (Figure	   29). To elucidate the 
contradicting results obtained with the three cry-Gal4 lines, I have crossed them to a 
UAS-GFP reporter and their expression profiles are shown in Figure	   29.  Similar 
expression in the LNvs and LNds of both cry-Gal4 lines that result in arrhythmic 
effects after Fer2LCH silencing was observed, with the only difference that cry39-Gal4 
drives expression to the some DN1s and DN3s whereas cry17-Gal4 expression in 
DN1s is non-observable and weak DN3s. This observation cannot explain the 19% 
difference of the rhythmic flies between the two driver lines, however it weakens the 
possibility of DNs involvement in the phenotype, due to the fact that lower percentage 
of flies are rhythmic using the driver line with weak or no expression in DNs, and 
points to the LNvs since both lines strongly express in all three subsets (s-LNvs, l-
LNvs and LNds). cry19-Gal4–driven GFP expression is detected in three to six LNds 
and as opposed to the other two cry-Gal4 drivers, to l-LNvs instead of the s-LNvs 
which GFP expression is weak to non-observable (Figure	  29). This observation might 
explain the radical reduction in arrhythmic flies obtained and at the same time highlight 
the necessity of silencing Fer2LCH to the s-LNvs. An additional surprising result was 
observed with pdf-Gal4, since high proportions of rhythmic flies were obtained after 
silencing Fer2LCH with this driver. While the molecular consequences of manipulating 
PDF neuron function have been well described (Helfrich-Forster 2003; Lear, Zhang et 
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al. 2009) as well as altering the clock output or projections of PDF neurons which 
alters the molecular clock in non-PDF circadian neurons in constant darkness 
(Helfrich-Forster, Shafer et al. 2007), it was not previously known which of these 
effects reflected the direct actions of PDF on the affected cells or whether they were 
mediated by cellular intermediates. The PDF-expressing LNv plays a critical role in 
sustaining free-running rhythms, as ablation of the PDF-positive LNv leads to 
decreased DD rhythmicity (Renn, Park et al. 1999). Similarly, LNvs synchronize 
behaviour of the other brain circadian neurons such as the DN1s through the rhythmic 
secretion of PDF from their dorsal projection (Peng, Stoleru et al. 2003; Stoleru, Peng 
et al. 2005), therefore since UAS-Dicer2;tim27-Gal4/Fer2LCH-RNAi flies are 
arrhythmic, one would think that PDF secretion should be arrhythmic too, however this 
was not the case, then somehow, the pacemaker neurons might be able to induce 
rhythmic PDF secretion even when there is no functional circadian clock in the LNvs. 
To exclude the possibility of other clock cells involvement in the phenotype, I have 
used two Gal4 driver lines with restricted expression patterns in the DN1s (Zhang, 
Chung et al. 2010). Both driver lines have been shown to have weak GFP staining in 
projections directed toward the dorsal protocerebrum, which is believed to play an 
important role in the control of locomotor activity (Kaneko and Hall 2000), but most 
importantly it has been shown that the ventral projections of DN1s are in close 
proximity to the dorsal projections of the PDF-positive s-LNvs (Zhang, Chung et al. 
2010). Fer2LCH-RNAi was mediated in 4 DN1s for Clk4.5F-Gal4 and in 8–10 DN1s 
for Clk4.1M-Gal4 (Table	   10), had no obvious effects in the behaviour of the flies, 
decreasing the likelihood of interplay between these neurons relevant to the phenotype 
observed after Fer2LCH-RNAi.  
To this end, silencing of Fer2LCH in different combinations of pacemaker neurons 
implied that there is a synergic requirement of Fer2LCH between specific pacemaker 
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neurons that would account of the observed arrhythmic phenotype. The observation 
that mai179-Gal4 mediated Fer2LCH-RNAi resulted in an identical arrhythmic 
phenotype, obtained with UAS-Dicer2;tim27-Gal4, UAS-Dicer2;cry17b-Gal4 and 
UAS-Dicer2;cry39-Gal4, with percentage of rhythmic flies of 40% (n:52), revealed the 
neuronal clusters more sensitive to Fer2LCH-RNAi. mai179-Gal4 driven GFP 
expression is detected in the four PDF-positive s-LNvs and the three CRY-positive 
LNds (Figure	   29) as previously shown (Yoshii T 2008; Cusumano, Klarsfeld et al. 
2009), suggesting that RNAi of Fer2LCH, simultaneously in cry+ LNds and sLNvs, 
would disrupt the circadian rhythms but not when silencing occurs separately in these 
clusters of neurons. My interpretation is further supported by the fact that PER and 
TIM are strongly expressed in s-LNvs, l-LNvs and three LNds, but the l-vLNs are not 
involved in free-running rhythm of clock protein expression or sub-cellular localization 
under DD conditions (Shafer, Rosbash et al. 2002) and therefore are not thought to play 
a role in the maintenance of free-running locomotor rhythms (Shafer and Taghert 
2009).  
Therefore, an alteration in the expression of the PER/TIM heterodimer in s-LNvs and 
three LNds would be enough to cause arrhythmia in flies and if Fer2LCH imbalance 
leads to such effect then it would be expressed within these cell types. Given the 
potential for Fer2LCH function in distinct subsets of pacemaker neurons, I have 
assessed Fer2LCH expression in pacemaker neurons. I crossed two transgenic fly 
strains (Fer2LCH212-Gal4 and Fer2LCH303-Gal4),that recapitulate Fer2LCH 
endogenous pattern, to UAS-RFP and dissected brains from the progeny of each cross 
were stained with a-TIM antibody at CT18 when clock proteins are most abundant in 
the fly brain. Broad Fer2LCH expression has been observed and I found colabeling of 
RFP and TIM in subsets of cells encompassing only one s-LNv and one LNd (Figure	  32). Surprisingly, although not expressed in all s-LNv or LNd neurons, Fer2LCH 
	  137	  
deprivation in some of these clock neurons might lead to the loss of PDF in the dorsal 
projections of the s-LNvs that also connect to the LNds. The presence of this PDF 
projection has been implicated as critical for the maintenance of free-running 
locomotor rhythms and a single dorsal projection from only one s-LNv appeared to be 
sufficient for such rhythms (Helfrich-Forster 1998; Shafer and Taghert 2009).  
On the basis of the results obtained, indicating a synergic effect of Fer2LCH in 
particular cells among the synchrony of the circadian cells constituting the clock 
network, I have used another strategy to examine the ability of the same cells to 
function after Fer2LCH silencing and selectively disrupted their molecular oscillations. 
I have used transgenic strains that express Gal80 under the control of the pdf and cry 
promoters (Park, Helfrich-Forster et al. 2000; Stoleru, Peng et al. 2004; Helfrich-
Forster, Yoshii et al. 2007) combined to tim-Gal4.  Silencing Fer2LCH with UAS-
Dicer2;tim-Gal,pdf-Gal80 resulted in 51% of rhythmic flies whereas with UAS-
Dicer2;tim-Gal4,cry-Gal80 I observed 72% of rhythmic flies (Table	  11). To assay the 
suppression of Gal4-mediated transcriptional activation of tim in the clock cells I 
crossed the tim-Gal4,pdf-Gal80 and tim-Gal4,cry-Gal80 lines to UAS-GFP reporter. 
tim-Gal4,cry-Gal80 excludes GFP signal from all LNds but I was able to see residual 
expression in one s-LNv (probably a PDF+ cell) (Figure	  30). In tim-Gal4,pdf-Gal80, 
the expression pattern recapitulates the described tim-Gal4 pattern with the exception 
of LNvs (Figure	  30). The later observation prompts me to believe that LNds are the 
subset of circadian neurons underlying the behavioural arrhythmia, and that Mai179-
Gal4–mediated PDF knockdown in s-LNvs aids this effect. This is consistent with the 
weak anticipation of the arrhythmic flies in the evening (Figure	  22) highlighting the 
prominent effect of Fer2LCH silencing in LNds, the cells responsible for the evening 
activity peak (Grima, Chelot et al. 2004; Stoleru, Peng et al. 2004). 
The LNds seem to have a special role in regulation of DD behaviour and are 
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particularly sensitive to changes in the level of Fer2LCH. The fact that I observed the 
arrhythmic phenotype only when manipulating Fer2LCH in subsets of the clock 
neurons even though I found evidence for endogenous Fer2LCH expression in only 
two clock-neurons, suggests that Fer2LCH may mediate neuronal properties of the 
circadian clock. If only a subset of the network is altered, communication between 
clock neurons can be influenced, then the clock circuit cannot compensate as a whole 
and behaviour becomes compromised, in this case indicated by arrhythmia in free-
running conditions. Furthermore, an attempt to assess the effect of increasing whole 
ferritin or individual ferritin subunit levels equally throughout the whole clock neuronal 
network had small effects (Table 5 and 6) perhaps because the communication between 
the individual clock cells with respect to each other was not changed. Alternatively, the 
clock may be able to compensate for equal increases in Fer2LCH throughout its neural 
circuit and preserve its functional output. Indeed, in our work with Fer2LCH 
overexpression in glia, ageing of flies contributed to the observed defects (Kosmidis, 
Botella et al. 2011). 
 
 
6.5 Optimal Expression of Fer2LCH is Required for a 
Functional Molecular Clock  
 
Identifying a gene that its levels affect the behaviour of the fly provides the platform 
onto linking this gene to the circadian clock, but only through characterization of its 
expression profile and mutant analysis can the biological role be elucidated. A cluster 
of neurons in the central brain drives the circadian rhythms and the molecular signals 
are generated by the clock core machinery located within these neurons, including the 
TIM and PER proteins, and transmitted to other cells to produce rhythmic behaviour. 
To determine whether the central clock was affected after Fer2LCH silencing, I 
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examined the cycling profile of PER and TIM protein in the fly brain as well as their 
mRNA expression. Abnormal cycling pattern in the circuits underlying rhythmic 
behaviour could alter the core molecular oscillations (Nitabach, Blau et al. 2002) and 
serve to explain the lack of rhythmicity observed after Fer2LCH-RNAi. 
To directly assess the pace of the intracellular molecular clock, whole-mount brain 
immunohistochemistry was carried out to monitor TIM subcellular distribution in 
constant darkness conditions particularly in the s-LNvs, l-LNvs and LNds. In controls, 
TIM was first detected in the cytoplasm of LNds at CT4 with no detectable LNvs signal 
(Figure	   35). Later in the night, TIM was found in the nucleus (CT18) (Figure	   35). 
Control flies exhibit a normal pattern of TIM cytoplasmic accumulation, nuclear entry, 
and degradation in all LNs. As predicted, the profile of TIM in Fer2LCH-RNAi flies 
was different from controls throughout time courses performed 3 days after transfer to 
DD (Figure	  35). I found that the neuronal circuit of the clock was desynchronized in 
the Fer2LCH silencing, since TIM was barely seen in the cytoplasm in all LNvs in both 
CT4 and CT18. Although TIM was undetectable in the mutants in CT4, indicating that 
TIM can still be degraded in Fer2LCH-RNAi flies, only dorsally, TIM in LNds is 
weakly accumulated in the nucleus at CT18, further suggesting that the defect resulting 
in the arrhythmic phenotype lies within the oscillator. Moreover, two additional 
independent observations indicate that silencing Fer2LCH predominantly leads to 
circadian transcriptional mis-regulation with prominent effects in PER/TIM 
heterodimer.  
To further assess the molecular basis of the behavioural phenotype after Fer2LCH 
silencing, PER abundance was examined by Western blots of fly head extracts. In the 
control flies, PER protein levels oscillated with a 24-hour rhythm (DD) (Figure	  34), 
however, PER abundance was decreased in Fer2LCH-RNAi flies and the amplitude of 
the PER oscillation was blunted relative to the control (Figure	  34).  
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I also examined whether inhibition of Fer2LCH-RNAi affects tim and per mRNA 
cycling (Figure	  34). Considering that the initial phase of clock gene expression would 
be daily synchronized by the light during LD cycles in Fer2LCH-RNAi flies, and since 
the phenotype manifests in DD, the effect of Fer2LCH knockdown on circadian gene 
transcription was directly evaluated under DD. 
In contrast to clock protein levels, which were significantly decreased at almost all 
times, qRT-PCR measurements of tim and per mRNA levels were increased to those of 
the control at all time points examined. Control flies showed low expression at CT2 
and high expression at CT18, consistent with the notion that cyclic expression of the 
per and tim genes underlies the rhythmic behaviour of these flies whereas, per and tim 
gene expression was not significantly different between CT2 and CT18 in samples 
from UAS-Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi heads (Figure	   34). If the 
difference in clock gene levels contributes to the overall change in the clock, then this 
might explain the robust decrease in PER abundance due to this change in per mRNA 
and subsequently explain the impaired turnover of the negative feedback loop or 
transcriptional regulation, a well-described process in circadian clock (Nawathean, 
Stoleru et al. 2007; Guo, Cheng et al. 2009). 
 
Taken together, my results indicating either malfunction at the central pacemaker 
resulting in complete arrhythmia at the whole fly level, or dysynchrony among central 
and peripheral clocks, generating an overall flat output due to different oscillating 
phases, manifesting also in arrhythmia. 
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6.6 Effects of Fer2LCH Silencing in Iron Metabolism 
 
 
The major iron storage protein complex in Drosophila  melanogaster is ferritin, which 
as in many other insects (Pham and Winzerling 2010), is predominantly found in the 
hemolymph or within the secretory pathway of cells (Missirlis, Kosmidis et al. 2007). 
For a ferritin molecule to form and store iron, 12 Fer1HCH and 12 Fer2LCH subunits 
are joined together by molecular interactions that include disulfide bonds (Missirlis, 
Kosmidis et al. 2007). Formation of the ferritin heteropolymer is induced by iron in a 
cell-type specific manner, however several aspects of gene and protein regulation 
remain unclear to this date (Georgieva, Dunkov et al. 1999; Missirlis, Kosmidis et al. 
2007; Gutierrez, Sabaratnam et al. 2010). Systemic suppression of ferritin may lead to 
loss of intracellular iron homeostasis. The observation of ferritin overloaded with iron 
in the fly intestine (Figure	  24), a known systemic iron storage pool (Mehta, Deshpande 
et al. 2009), in Fer2LCH-RNAi flies may suggest that an initial response to silencing 
Fer2LCH is an up-regulation of the homeostatic system determining the distribution of 
iron into ferritin, however the implications to the clock machinery remain unexplained.  
It is well known that free iron can be detrimental to cellular membranes because of its 
pro-oxidation effects, since it has the ability to gain and lose electrons very easily 
(Dunn, Rahmanto et al. 2007). Therefore a possible explanation for the observed 
effects in middle midgut would be that reduced ferritin formation, increases free-iron 
levels and the response of the cells is to store most of it in the existing ferritin shells. 
Iron overload of ferritin has been associated with neurodegenerative disorders (Zecca, 
Youdim et al. 2004; Marsh and Thompson 2006), acute and chronic liver diseases 
(Nielsen, Gunther et al. 2000) in mammalian models further potentiating the urge to 
identify a tractable model for studying these defects.  More importantly, in a relatively 
	  142	  
recent study was reported that human mutation of ferritin light chain lead to 
neurodegeneration in a condition described as neuroferritinopathy (Levi, Cozzi et al. 
2005). From a circadian biologist’s perspective, neuropathology may cause a deviation 
from pathways for storage of iron, to a modification of cell types that either produce or 
contain ferritin molecules.  A good example is the restless leg syndrome (RLS), where 
individuals display diurnal deficits in motor control and have impaired brain iron 
metabolism (Mizuno, Mihara et al. 2005). Although the mechanism of RLS 
development is unknown, there is circumstantial evidence for a role of the 
dopaminergic system and iron status (Allen and Earley 2001).  
 
On the other hand, I also considered that Fer2LCH might directly alter iron 
homeostasis to exert its toxicity with effects in iron metabolism and subsequently to 
circadian clock. To assess whether, after Fer2LCH silencing, iron had a role in the 
phenotype, I have attempted to alter iron availability in UAS-Dicer2;tim27-Gal4/UAS-
Fer2LCH-RNAi flies using dietary manipulations.  However, neither increasing or 
decreasing iron availability in UAS-Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi flies had 
an effect in their behaviour (Figure	  26). 
 
Moreover, metal-ion homeostasis was normal in UAS-Dicer2;tim27-Gal4/UAS-
Fer2LCH-RNAi flies, compared to controls (Figure	  27). However, it is possible that an 
appropriate metal-ion concentration in specific nerve cells is required for the optimal 
performance of these cells, a regulation particularly useful for the nervous system, the 
blood barriers and the digestive tract. The ramification of this work lies far beyond the 
fact that metal ions have no apparent effect in Drosophila  behaviour and I anticipate 
that any potential key roles in metal-ion homeostasis in a variety of processes are yet to 
be discovered. 
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6.7 Global Measures of Iron Homeostasis do not Fluctuate 
Over the 24-hour Cycle  
 
The mammalian clock regulates major aspects of energy metabolism, including glucose 
and lipid homoeostasis as well as mitochondrial oxidative metabolism (Wijnen and 
Young 2006; Ramsey, Marcheva et al. 2007). In addition to circadian pacemakers 
regulating metabolism, several mechanisms have been defined through which 
metabolism can in turn regulate circadian rhythms (Tu and McKnight 2006). For 
example in mammals, the NAD(P)/NAD(P)H ratio and heme breakdown products, NO 
and CO regulate clock proteins via conserved PAS domains. An established clock 
controlled gene in Drosophila  is lark (Newby and Jackson 1993). Lark protein cycles 
in the absence of temporal cues, but loses its rhythmic expression in per null flies, 
per01, demonstrating its regulation by the clock (McNeil, Zhang et al. 1998). Since the 
core clock components regulate the transcription of particular output genes, then it will 
be logical that these output genes and their products might cycle, according to cell type, 
which in turn may be responsible for different types of rhythmic output. Based on this 
hypothesis, I initially have measured the levels of key molecule of iron homeostasis in 
control flies to determine whether key molecules of iron metabolism, cycle in LD and 
then I compared my findings to measurements of the same molecules to per null flies, 
per01 flies that have distinct defects in their core circadian clock.   
 
Western blot analysis on Drosophila  whole body lysates from control y w flies 
entrained in 3 LD cycles reveal no changes in the abundance of the individual subunits 
or the iron-loaded ferritin (Figure	  15). The abundance of ferritin was also analyzed in 
per01 mutants during DD (Figure	  16) and similarly to control flies there was no change 
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in the levels of the individual ferritin subunits. These observations lead me to conclude 
that global expression of ferritin is regulated by a clock independent mechanism. The 
observation of constant levels of ferritin over time, suggests that either cytosolic iron 
levels do not significantly change over time, or that ferritin levels are adequate to 
handle any increase in cytosolic iron correlation with the needs of the fly and in 
addition, that rates of iron uptake and release are not induced or reduced at particular 
time points.    
 
As the mitochondria are a major source of endogenous reactive oxygen species 
(Wallace 2005), a cause of several conditions, I assayed aconitase activity initially in 
control flies and thereafter in clock mutant (Figure	   17). The specific activity of 
aconitase is to serve as an indicator of endogenous mitochondrial and cytosolic 
oxidative stress, as the aconitase iron-sulfur center is particularly prone to superoxide 
anion inactivation (Das, Levine et al. 2001; Missirlis, Hu et al. 2003). I found, that 
aconitase activity peaks during the two light transitions and after midnight (Figure	  17). 
I observed a shift in the lights on transition peak, approximately 2 hours. This finding 
initially suggested that an enzyme involved in iron homeostasis might be a clock-
driven, however when the same experiment was performed in clock mutant flies 
(per01), similar trough and peak levels in aconitase activity was observed as in control 
flies both in LD and DD, indicating that effects in the circadian clock has no effect in 
aconitase activity and therefore no further experiments were performed.   
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6.8 Future Work  
 
 
The presence of circadian rest–activity cycles in animals from insects to mammals 
suggests that daily rhythmic organization of behaviour has provided a strong selective 
advantage and the elucidation of the elements involved in the interactions of the 
mechanisms that govern the interplay between metabolism and circadian oscillators 
will have a major impact on the circadian field in the future. 
 
My work contributes substantially to the in vivo implication of Fer2LCH, as a new 
player in the circadian clock of Drosophila .  
 
Future work will be required to determine the specific role of Fer2LCH in the circadian 
clock. Fer2LCH affects the normal function of the core clock and therefore it might 
regulate particular aspects of its function. There are two possible roles that Fer2LCH 
may play a role in the regulation of circadian clock of the fly.  
 
Firstly, it could be involved in the communication between peripheral and central 
clocks, in iron-related tissues such as middle midgut but in this case it would feedback 
to the central oscillator as PER and TIM were affected following RNAi. Secondly, it 
could be a clock output factor that influences the timing of behaviour in the fly. This 
can be addressed by investigating the circadian regulation of Fer2LCH target genes and 
of the downstream targets in the peripheral clock in control, Fer2LCH-RNAi flies and 
other clock mutant flies. 
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6.9 Overall Conclusion 
 
 
My data strongly support a pivotal role for Drosophila  Fer2LCH in pacemaker 
neurons. Fer2LCH down-regulation in 14 out of 150 pacemaker cells in the Drosophila  
brain (7 in each brain hemisphere), is enough to disrupt the core molecular clock, by 
desynchronizing per and tim expression and cycling of PER and TIM proteins. These 
circadian clock defects translate in behavioural arrhythmia. UAS-Dicer2;tim27-
Gal4/UAS-Fer2LCH-RNAi flies display a robust arrhythmic phenotype in DD. This 
circadian phenotype can be partially rescued by reconstitution of Fer2LCH in s-LNv 
and LNd pacemaker neurons. I provided evidence of endogenous Fer2LCH expression 
in a subset of clock cells and I showed dysynchronisation of TIM within the same cells 
in UAS-Dicer2;tim27-Gal4/UAS-Fer2LCH-RNAi flies. Thus, I conclude that Fer2LCH 
is required for the proper function of the clock in flies. In contrast, I have found no 
evidence to support reciprocal relation between the circadian clock and ferritin. Finally, 
in this work I have found some evidence that other genes involved in iron metabolism 
may affect the clock. Also some candidate genes that may link ferritin to the clock 
transcription factors have been identified.  
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Appendix 
 
 
 
 
 
 
 
 
Table 14: Analysis of behaviour of selected RNAi, Gal4 as well as F1 progenies of 
crosses used.  
 
  
N 
% 
Rhythmic 
Period 
(h) 
Rhythm 
Index 
Rhythm 
Strength 
      
RNAi      
      
Alas / 5'-Aminolevulinate synthase 11 90 24.3±06 0.23±0.02 3.9±1.2 
Ppgs / Porphobilinogen synthase 10 100 24.4±0.4 0.21±0.01 3.4±0.9 
Corpx / Corpoporphyrinogen III 
oxidase 
10 80 23.9±0.2 0.23±0.01 3.9±1.0 
Ppox / Protoporphyrinogen oxidase 10 100 24.2±0.5 0.23±0.02 3.5±0.6 
Eip75B / Rev-erbβ 8 80 24.1±0.2 0.25±0.02 3.3±0.3 
CG12264 / IscS homologue 10 70 23.4±0.4 0.21±0.02 3.2±1.0 
CG9836 /  IscU homologue 10 100 23.7±0.2 0.22±0.02 4.1±1.3 
CG8198 / IscA homologue 9 88 23.8±0.4 0.21±0.01 3.8±0.4 
Tsf3 / Transferrin 3666 8 100 23.6±0.2 0.24±0.01 4.2±1.3 
Fer1HCH / Ferritin H 
(102406) 
10 100 23.5±0.4 0.21±0.01 3.6±0.3 
Fer2LCH/ Ferritin L 
(106960) 
12 80 23.5±0.3 0.22±0.01 4.1±1.4 
Fer2LCH (off target) 10 100 23.9±0.4 0.22±0.02 3.5±0.3 
      
UAS-Dicer2;Fer2LCH-RNAi 20 95 23.3±0.9 0.22±0.01 2.9±0.8 
UAS-Dicer2;Fer1HCH-RNAi 12 75 23.1±0.5 0.21±0.01 2.7±1.0 
      
UAS      
      
Fer2LCH 12 90 24.0±0.2 0.22±0.02 4.4±0.4 
Fer1HCH 9 90 23.6±0.2 0.22±0.1 4.2±0.8 
Fer2LCH,Fer1HCH 14 85 24.2±0.5 0.23±0.01 3.9±0.6 
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!
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
♀: virgin female flies, ♂: male flies!
Gal4      
      
UAS-Dicer2;tim27 16 100 24.0±0.5 0.21±0.02 4.2±0.9 
UAS-Dicer2;tim62 20 80 24.1±0.6 0.22±0.02 2.6±0.9 
UAS-Dicer2;tim82 16 88 23.9±0.9 0.21±0.01 3.0±0.9 
UAS-Dicer2;tim86 26 92 23.5±0.6 0.22±0.01 2.6±0.6 
UAS-Dicer2;cry17b 21 85 23.5±1.0 0.24±0.02 3.0±1.1 
UAS-Dicer2;cry39 16 83 23.3±0.6 0.23±0.01 2.4±0.9 
UAS-Dicer2;cry19 16 81 23.2±0.4 0.22±0.01 4.0±1.1 
tim27-Gal4, cry-Gal80 14 85 24.5±0.6 0.23±0.02 3.2±0.4 
tim27-Gal4, pdf-Gal80 14 81 23.3±0.7 0.25±0.02 2.9±0.9 
UAS-Dicer2;mai179 16 93 23.6±0.6 0.25±0.01 3.5±0.7 
UAS-Dicer2,elav 12 80 23.9±0.3 0.22±0.01 4.0±0.4 
Fer2LCH212 12 90 23.2±0.2 0.22±0.01 3.6±0.5 
Fer2LCH303 13 84 24.3±0.5 0.21±0.01 3.8±0.7 
      
Crosses       
      
♀ UAS-Dicer2;Fer2LCH-RNAi 
x 
 ♂ tim27-Gal4 
16 25 23.2±2.3 0.23±0.01 1.7±0.2 
 ♀ UAS-Dicer2;Fer1HCH-RNAi 
x 
♂ tim27-Gal4 
Lethal  - - - - 
♀ UAS-Dicer2;tim27-Gal4 
x 
♂ Fer2LCH-RNAi,CD8-GFP 
13 7 24.5±1.1 0.22±0.01 1.9±0.9 
 
 
 
 
Note: 
RI (Rhythmicity Index) and RS (Rhythmicity Statistic) determine the statistical significance 
and strength of the rhythm. RI and RS> 0.1 and 1.0 respectively, indicate statistical 
significance (based on autocorrelation). See Materials & Methods for details. SEM: Standard 
Error of the Mean. 
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Figure 36: Quantification of ferritin bands in control flies, using NIH Image software analysis. 
Five days old, y w control flies were entrained for 3 days in LD cycles at 25oC constant 
temperature and on the third day were sampled every 2 hours. Histograms representing 
quantification of both ferritin chains from 3 experiments is shown with overall effects of 
different time point sampling are not significant (p > 0.05, 1-way Anova). Data are presented as 
±SEM.  
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Figure 37: Quantification of ferritin bands in period mutant flies, using NIH Image software 
analysis. 
Five days old, per01 flies were entrained for 3 days in LD cycles and then 3 cycles of DD at 
25C constant temperature. On the fourth day were sampled every 4 hours. Quantification of 
both ferritin chains from 3 experiments is shown (p > 0.05, 1-way Anova). Data are presented 
as ±SEM.  
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Figure 38: Standard curves for the amplification of the four genes tested 
 
Subtract Delta Ct (gene of interest – housekeeping gene) and R2 < 0.1 to result in equal 
efficiencies. The slope of the standard curve was between -3.1 to -3.6 for 100% efficiency. The 
standard curve had correlation coefficient of R2  = 0.9 
The reading temperature for a pair of primers is generally ~3-5C lower than the melting 
temperature of the amplicon they generate, and higher than that of the potential primer dimer. 
The reading temperature for the pair of primers used and listed above were 77C for rp49 and 
period, and 80C for timeless and Fer2LCH. For each sample, three replicas of the reaction were 
run in parallel, and the average of their Ct (threshold cycle) values (excluding outliers) was 
considered for quantification. The relative quantification was determined using the comparative 
CT method, also known as the ΔΔCT method, or the 2-ΔΔC T, using rp49 as control.  
For the statistical analysis, analysis of variance (ANOVA) was performed when possible (for 
details see legend of figures). 
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Figure 39: Loading controls for Western blot experiments 
A. Loading control of both Fer1HCH and Fer2LCH bands for the experiment of 12 ZTs in 
control flies (see page 59) 
B. Loading control of both Fer1HCH and Fer2LCH bands for the experiment of 6 CTs in 
period mutant flies (see page 60). 
C. Loading control for the experiment of 6 CTs in each of the control and experimental fly 
samples (see page 111). 
 
 
 	  	  	  	  	  	  	  	  	  	  	  
	  154	  
References 
 
 Akten,	  B.,	  E.	  Jauch,	  et	  al.	  (2003).	  "A	  role	  for	  CK2	  in	  the	  Drosophila	  	  circadian	  oscillator."	  Nat	  Neurosci	  6(3):	  251-­‐257.	  Albrecht,	  J.,	  U.	  Sonnewald,	  et	  al.	  (2007).	  "Glutamine	  in	  the	  central	  nervous	  system:	  function	  and	  dysfunction."	  Front	  Biosci	  12:	  332-­‐343.	  Allada,	  R.,	  N.	  E.	  White,	  et	  al.	  (1998).	  "A	  mutant	  Drosophila	  	  homolog	  of	  mammalian	  Clock	  disrupts	  circadian	  rhythms	  and	  transcription	  of	  period	  and	  timeless."	  Cell	  93(5):	  791-­‐804.	  Allen,	  C.	  N.	  (2008).	  "Circadian	  rhythms,	  diet,	  and	  neuronal	  excitability."	  Epilepsia	  
49	  Suppl	  8:	  124-­‐126.	  Allen,	  R.	  P.	  and	  C.	  J.	  Earley	  (2001).	  "Restless	  legs	  syndrome:	  a	  review	  of	  clinical	  and	  pathophysiologic	  features."	  J	  Clin	  Neurophysiol	  18(2):	  128-­‐147.	  Andrews,	  N.	  C.	  (1999).	  "Disorders	  of	  iron	  metabolism."	  N	  Engl	  J	  Med	  341(26):	  1986-­‐1995.	  Andrews,	  N.	  C.	  (2000).	  "Iron	  homeostasis:	  insights	  from	  genetics	  and	  animal	  models."	  Nat	  Rev	  Genet	  1(3):	  208-­‐217.	  Andrews,	  S.	  C.	  (1998).	  "Iron	  storage	  in	  bacteria."	  Adv	  Microb	  Physiol	  40:	  281-­‐351.	  Arosio,	  P.,	  R.	  Ingrassia,	  et	  al.	  (2009).	  "Ferritins:	  a	  family	  of	  molecules	  for	  iron	  storage,	  antioxidation	  and	  more."	  Biochim	  Biophys	  Acta	  1790(7):	  589-­‐599.	  Baldi,	  A.,	  D.	  Lombardi,	  et	  al.	  (2005).	  "Ferritin	  contributes	  to	  melanoma	  progression	  by	  modulating	  cell	  growth	  and	  sensitivity	  to	  oxidative	  stress."	  Clin	  Cancer	  Res	  11(9):	  3175-­‐3183.	  Balsalobre,	  A.,	  F.	  Damiola,	  et	  al.	  (1998).	  "A	  serum	  shock	  induces	  circadian	  gene	  expression	  in	  mammalian	  tissue	  culture	  cells."	  Cell	  93(6):	  929-­‐937.	  Barf,	  R.	  P.,	  T.	  Desprez,	  et	  al.	  (2012).	  "Increased	  food	  intake	  and	  changes	  in	  metabolic	  hormones	  in	  response	  to	  chronic	  sleep	  restriction	  alternated	  with	  short	  periods	  of	  sleep	  allowance."	  Am	  J	  Physiol	  Regul	  Integr	  Comp	  Physiol	  302(1):	  R112-­‐117.	  Bargiello,	  T.	  A.,	  F.	  R.	  Jackson,	  et	  al.	  (1984).	  "Restoration	  of	  circadian	  behavioural	  rhythms	  by	  gene	  transfer	  in	  Drosophila	  ."	  Nature	  312(5996):	  752-­‐754.	  Baynes,	  R.	  D.	  and	  T.	  H.	  Bothwell	  (1990).	  "Iron	  deficiency."	  Annu	  Rev	  Nutr	  10:	  133-­‐148.	  Beard,	  J.	  L.,	  H.	  Dawson,	  et	  al.	  (1996).	  "Iron	  metabolism:	  a	  comprehensive	  review."	  Nutr	  Rev	  54(10):	  295-­‐317.	  Beaver,	  L.	  M.,	  B.	  O.	  Gvakharia,	  et	  al.	  (2002).	  "Loss	  of	  circadian	  clock	  function	  decreases	  reproductive	  fitness	  in	  males	  of	  Drosophila	  	  melanogaster."	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  99(4):	  2134-­‐2139.	  Becker,	  E.	  M.,	  J.	  M.	  Greer,	  et	  al.	  (2002).	  "Erythroid	  differentiation	  and	  protoporphyrin	  IX	  down-­‐regulate	  frataxin	  expression	  in	  Friend	  cells:	  characterization	  of	  frataxin	  expression	  compared	  to	  molecules	  involved	  in	  iron	  metabolism	  and	  hemoglobinization."	  Blood	  99(10):	  3813-­‐3822.	  Beitel,	  G.	  J.	  and	  M.	  A.	  Krasnow	  (2000).	  "Genetic	  control	  of	  epithelial	  tube	  size	  in	  the	  
Drosophila	  	  tracheal	  system."	  Development	  127(15):	  3271-­‐3282.	  Bekri,	  S.,	  G.	  Kispal,	  et	  al.	  (2000).	  "Human	  ABC7	  transporter:	  gene	  structure	  and	  mutation	  causing	  X-­‐linked	  sideroblastic	  anemia	  with	  ataxia	  with	  disruption	  of	  cytosolic	  iron-­‐sulfur	  protein	  maturation."	  Blood	  96(9):	  3256-­‐3264.	  Bell-­‐Pedersen,	  D.,	  V.	  M.	  Cassone,	  et	  al.	  (2005).	  "Circadian	  rhythms	  from	  multiple	  oscillators:	  lessons	  from	  diverse	  organisms."	  Nat	  Rev	  Genet	  6(7):	  544-­‐556.	  
	  155	  
Bell-­‐Pedersen,	  D.,	  V.	  M.	  Cassone,	  et	  al.	  (2005).	  "Circadian	  rhythms	  from	  multiple	  oscillators:	  Lessons	  from	  diverse	  organisms."	  Nature	  Reviews	  Genetics	  
6(7):	  544-­‐556.	  Bettedi,	  L.,	  M.	  F.	  Aslam,	  et	  al.	  (2011).	  "Iron	  depletion	  in	  the	  intestines	  of	  Malvolio	  mutant	  flies	  does	  not	  occur	  in	  the	  absence	  of	  a	  multicopper	  oxidase."	  J	  Exp	  Biol	  214(Pt	  6):	  971-­‐978.	  Bilaud,	  T.,	  C.	  Brun,	  et	  al.	  (1997).	  "Telomeric	  localization	  of	  TRF2,	  a	  novel	  human	  telobox	  protein."	  Nat	  Genet	  17(2):	  236-­‐239.	  Blask,	  D.	  E.,	  G.	  C.	  Brainard,	  et	  al.	  (2005).	  "Melatonin-­‐depleted	  blood	  from	  premenopausal	  women	  exposed	  to	  light	  at	  night	  stimulates	  growth	  of	  human	  breast	  cancer	  xenografts	  in	  nude	  rats."	  Cancer	  Res	  65(23):	  11174-­‐11184.	  Blask,	  D.	  E.,	  R.	  T.	  Dauchy,	  et	  al.	  (2005).	  "Putting	  cancer	  to	  sleep	  at	  night:	  the	  neuroendocrine/circadian	  melatonin	  signal."	  Endocrine	  27(2):	  179-­‐188.	  Blau	  J,	  Y.	  M.	  (1999).	  "Cycling	  vrille	  expression	  is	  required	  for	  a	  functional	  Drosophila	  	  clock."	  Cell(99):	  661-­‐671.	  Blau	  J,	  Y.	  M.	  (1999).	  "Cycling	  vrille	  expression	  is	  required	  for	  a	  functional	  
Drosophila	  	  clock."	  Cell(99):	  661-­‐671.	  Bleackley,	  M.	  R.	  and	  R.	  T.	  Macgillivray	  (2011).	  "Transition	  metal	  homeostasis:	  from	  yeast	  to	  human	  disease."	  Biometals	  24(5):	  785-­‐809.	  Boehning,	  D.	  and	  S.	  H.	  Snyder	  (2002).	  "Circadian	  rhythms.	  Carbon	  monoxide	  and	  clocks."	  Science	  298(5602):	  2339-­‐2340.	  Bottomley,	  S.	  S.	  (2006).	  "Congenital	  sideroblastic	  anemias."	  Curr	  Hematol	  Rep	  
5(1):	  41-­‐49.	  Bou-­‐Abdallah,	  F.,	  P.	  Santambrogio,	  et	  al.	  (2005).	  "Unique	  iron	  binding	  and	  oxidation	  properties	  of	  human	  mitochondrial	  ferritin:	  a	  comparative	  analysis	  with	  Human	  H-­‐chain	  ferritin."	  J	  Mol	  Biol	  347(3):	  543-­‐554.	  Boyd,	  J.	  M.,	  R.	  M.	  Drevland,	  et	  al.	  (2009).	  "Archaeal	  ApbC/Nbp35	  homologs	  function	  as	  iron-­‐sulfur	  cluster	  carrier	  proteins."	  J	  Bacteriol	  191(5):	  1490-­‐1497.	  Bray,	  M.	  S.,	  C.	  A.	  Shaw,	  et	  al.	  (2008).	  "Disruption	  of	  the	  circadian	  clock	  within	  the	  cardiomyocyte	  influences	  myocardial	  contractile	  function,	  metabolism,	  and	  gene	  expression."	  Am	  J	  Physiol	  Heart	  Circ	  Physiol	  294(2):	  H1036-­‐1047.	  Bruce,	  V.	  (1972).	  "Mutants	  of	  the	  biological	  clock	  in	  Chlamydomonas	  reinhardtii."	  Genetics(70):	  537-­‐548.	  Brzezinski,	  A.	  (1997).	  "Melatonin	  in	  humans."	  N	  Engl	  J	  Med	  336(3):	  186-­‐195.	  Bunning,	  E.	  (1935).	  "Zur	  Kenntnis	  der	  erblichen	  Tagesperiodizita	  ̈t	  bei	  den	  Prima	  ̈rbla	  ̈ttern	  von	  Phaseolus	  multiflorus."	  Jb	  wiss	  Bot	  81:	  411–418.	  Busza,	  A.,	  A.	  Murad,	  et	  al.	  (2007).	  "Interactions	  between	  circadian	  neurons	  control	  temperature	  synchronization	  of	  Drosophila	  	  behavior."	  J	  Neurosci	  27(40):	  10722-­‐10733.	  Bych,	  K.,	  S.	  Kerscher,	  et	  al.	  (2008).	  "The	  iron-­‐sulphur	  protein	  Ind1	  is	  required	  for	  effective	  complex	  I	  assembly."	  EMBO	  J	  27(12):	  1736-­‐1746.	  Cairo,	  G.,	  E.	  Rappocciolo,	  et	  al.	  (1991).	  "Expression	  of	  the	  genes	  for	  the	  ferritin	  H	  and	  L	  subunits	  in	  rat	  liver	  and	  heart.	  Evidence	  for	  tissue-­‐specific	  regulations	  at	  pre-­‐	  and	  post-­‐translational	  levels."	  Biochem	  J	  275	  (	  Pt	  3):	  813-­‐816.	  Cairo,	  G.	  and	  S.	  Recalcati	  (2007).	  "Iron-­‐regulatory	  proteins:	  molecular	  biology	  and	  pathophysiological	  implications."	  Expert	  Rev	  Mol	  Med	  9(33):	  1-­‐13.	  
	  156	  
Camaschella,	  C.,	  A.	  Roetto,	  et	  al.	  (1997).	  "Juvenile	  and	  adult	  hemochromatosis	  are	  distinct	  genetic	  disorders."	  Eur	  J	  Hum	  Genet	  5(6):	  371-­‐375.	  Casteleyn,	  C.,	  A.	  Rekecki,	  et	  al.	  (2010).	  "Surface	  area	  assessment	  of	  the	  murine	  intestinal	  tract	  as	  a	  prerequisite	  for	  oral	  dose	  translation	  from	  mouse	  to	  man."	  Lab	  Anim	  44(3):	  176-­‐183.	  Ceriani,	  M.	  F.,	  T.	  K.	  Darlington,	  et	  al.	  (1999).	  "Light-­‐dependent	  sequestration	  of	  TIMELESS	  by	  CRYPTOCHROME."	  Science	  285(5427):	  553-­‐556.	  Ceriani,	  M.	  F.,	  J.	  B.	  Hogenesch,	  et	  al.	  (2002).	  "Genome-­‐wide	  expression	  analysis	  in	  
Drosophila	  	  reveals	  genes	  controlling	  circadian	  behavior."	  J	  Neurosci	  
22(21):	  9305-­‐9319.	  Charlesworth,	  A.,	  T.	  Georgieva,	  et	  al.	  (1997).	  "Isolation	  and	  properties	  of	  
Drosophila	  	  melanogaster	  ferritin-­‐-­‐molecular	  cloning	  of	  a	  cDNA	  that	  encodes	  one	  subunit,	  and	  localization	  of	  the	  gene	  on	  the	  third	  chromosome."	  Eur	  J	  Biochem	  247(2):	  470-­‐475.	  Chatterjee,	  A.	  and	  P.	  E.	  Hardin	  (2010).	  "Time	  to	  taste:	  circadian	  clock	  function	  in	  the	  Drosophila	  	  gustatory	  system."	  Fly	  (Austin)	  4(4):	  283-­‐287.	  Claridge-­‐Chang,	  A.,	  H.	  Wijnen,	  et	  al.	  (2001).	  "Circadian	  regulation	  of	  gene	  expression	  systems	  in	  the	  Drosophila	  	  head."	  Neuron	  32(4):	  657-­‐671.	  Collins	  B,	  M.	  E.,	  Stanewsky	  R,	  Blau	  J	  (2006).	  "Drosophila	  	  CRYPTOCHROME	  is	  a	  circadian	  transcriptional	  repressor."	  Curr	  Biol	  (16):	  441-­‐449.	  Collins,	  J.	  F.,	  M.	  Wessling-­‐Resnick,	  et	  al.	  (2008).	  "Hepcidin	  regulation	  of	  iron	  transport."	  J	  Nutr	  138(11):	  2284-­‐2288.	  Connor,	  K.	  M.	  and	  A.	  Y.	  Gracey	  (2011).	  "Circadian	  cycles	  are	  the	  dominant	  transcriptional	  rhythm	  in	  the	  intertidal	  mussel	  Mytilus	  californianus."	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  108(38):	  16110-­‐16115.	  Conrad,	  M.	  E.,	  J.	  N.	  Umbreit,	  et	  al.	  (1999).	  "Iron	  absorption	  and	  transport."	  Am	  J	  Med	  Sci	  318(4):	  213-­‐229.	  Cossee,	  M.,	  H.	  Puccio,	  et	  al.	  (2000).	  "Inactivation	  of	  the	  Friedreich	  ataxia	  mouse	  gene	  leads	  to	  early	  embryonic	  lethality	  without	  iron	  accumulation."	  Hum	  Mol	  Genet	  9(8):	  1219-­‐1226.	  Cozzi,	  A.,	  P.	  Santambrogio,	  et	  al.	  (2006).	  "Characterization	  of	  the	  l-­‐ferritin	  variant	  460InsA	  responsible	  of	  a	  hereditary	  ferritinopathy	  disorder."	  Neurobiol	  Dis	  
23(3):	  644-­‐652.	  Crichton,	  R.	  R.,	  S.	  Wilmet,	  et	  al.	  (2002).	  "Molecular	  and	  cellular	  mechanisms	  of	  iron	  homeostasis	  and	  toxicity	  in	  mammalian	  cells."	  J	  Inorg	  Biochem	  91(1):	  9-­‐18.	  Cusumano,	  P.,	  A.	  Klarsfeld,	  et	  al.	  (2009).	  "PDF-­‐modulated	  visual	  inputs	  and	  cryptochrome	  define	  diurnal	  behavior	  in	  Drosophila	  ."	  Nat	  Neurosci	  
12(11):	  1431-­‐1437.	  Cyran,	  S.	  A.,	  A.	  M.	  Buchsbaum,	  et	  al.	  (2003).	  "vrille,	  Pdp1,	  and	  dClock	  form	  a	  second	  feedback	  loop	  in	  the	  Drosophila	  	  circadian	  clock."	  Cell	  112(3):	  329-­‐341.	  Das,	  N.,	  R.	  L.	  Levine,	  et	  al.	  (2001).	  "Selectivity	  of	  protein	  oxidative	  damage	  during	  aging	  in	  Drosophila	  	  melanogaster."	  Biochem	  J	  360(Pt	  1):	  209-­‐216.	  de	  Frutos,	  S.,	  C.	  H.	  Nitta,	  et	  al.	  (2009).	  "Regulation	  of	  soluble	  guanylyl	  cyclase-­‐alpha1	  expression	  in	  chronic	  hypoxia-­‐induced	  pulmonary	  hypertension:	  role	  of	  NFATc3	  and	  HuR."	  Am	  J	  Physiol	  Lung	  Cell	  Mol	  Physiol	  297(3):	  L475-­‐486.	  Diambra,	  L.	  and	  C.	  P.	  Malta	  (2012).	  "Modeling	  the	  emergence	  of	  circadian	  rhythms	  in	  a	  clock	  neuron	  network."	  PLoS	  One	  7(3):	  e33912.	  DiAngelo,	  J.	  R.,	  R.	  Erion,	  et	  al.	  (2011).	  "The	  central	  clock	  neurons	  regulate	  lipid	  storage	  in	  Drosophila	  ."	  PLoS	  One	  6(5):	  e19921.	  
	  157	  
Dietzl,	  G.,	  D.	  Chen,	  et	  al.	  (2007).	  "A	  genome-­‐wide	  transgenic	  RNAi	  library	  for	  conditional	  gene	  inactivation	  in	  Drosophila	  ."	  Nature	  448(7150):	  151-­‐156.	  Dioum,	  E.	  M.,	  J.	  Rutter,	  et	  al.	  (2002).	  "NPAS2:	  a	  gas-­‐responsive	  transcription	  factor."	  Science	  298(5602):	  2385-­‐2387.	  Donovan,	  A.,	  A.	  Brownlie,	  et	  al.	  (2000).	  "Positional	  cloning	  of	  zebrafish	  ferroportin1	  identifies	  a	  conserved	  vertebrate	  iron	  exporter."	  Nature	  
403(6771):	  776-­‐781.	  Dowse	  HB,	  H.	  J.,	  Ringo	  JM	  (1987).	  "Circadian	  and	  ultradian	  rhythms	  in	  period	  mutants	  of	  Drosophila	  	  melanogaster	  ."	  Behav.	  Genet	  17:	  19-­‐35.	  Dowse	  HB,	  R.	  J.	  (1992).	  "Do	  ultradian	  oscillators	  underlie	  the	  cir-­‐	  cadian	  clock	  in	  
Drosophila	  ?"	  Ultradian	  Rhythmicity	  in	  Biological	  Systems:	  An	  Inquiry	  into	  Fundamental	  Principles:	  105-­‐117.	  Dubruille,	  R.	  and	  P.	  Emery	  (2008).	  "A	  plastic	  clock:	  how	  circadian	  rhythms	  respond	  to	  environmental	  cues	  in	  Drosophila	  ."	  Mol	  Neurobiol	  38(2):	  129-­‐145.	  Duffy,	  J.	  B.	  (2002).	  "GAL4	  system	  in	  Drosophila	  :	  a	  fly	  geneticist's	  Swiss	  army	  knife."	  Genesis	  34(1-­‐2):	  1-­‐15.	  Dunkov,	  B.	  and	  T.	  Georgieva	  (2006).	  "Insect	  iron	  binding	  proteins:	  insights	  from	  the	  genomes."	  Insect	  Biochem	  Mol	  Biol	  36(4):	  300-­‐309.	  Dunn,	  L.	  L.,	  Y.	  S.	  Rahmanto,	  et	  al.	  (2007).	  "Iron	  uptake	  and	  metabolism	  in	  the	  new	  millennium."	  Trends	  Cell	  Biol	  17(2):	  93-­‐100.	  Emery,	  I.	  F.,	  J.	  M.	  Noveral,	  et	  al.	  (1997).	  "Rhythms	  of	  Drosophila	  	  period	  gene	  expression	  in	  culture."	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  94(8):	  4092-­‐4096.	  Emery,	  P.	  and	  S.	  M.	  Reppert	  (2004).	  "A	  rhythmic	  Ror."	  Neuron	  43(4):	  443-­‐446.	  Emery,	  P.,	  W.	  V.	  So,	  et	  al.	  (1998).	  "CRY,	  a	  Drosophila	  	  clock	  and	  light-­‐regulated	  cryptochrome,	  is	  a	  major	  contributor	  to	  circadian	  rhythm	  resetting	  and	  photosensitivity."	  Cell	  95(5):	  669-­‐679.	  Emery,	  P.,	  R.	  Stanewsky,	  et	  al.	  (2000).	  "Drosophila	  	  CRY	  is	  a	  deep	  brain	  circadian	  photoreceptor."	  Neuron	  26(2):	  493-­‐504.	  Ewer,	  J.,	  B.	  Frisch,	  et	  al.	  (1992).	  "Expression	  of	  the	  period	  clock	  gene	  within	  different	  cell	  types	  in	  the	  brain	  of	  Drosophila	  	  adults	  and	  mosaic	  analysis	  of	  these	  cells'	  influence	  on	  circadian	  behavioral	  rhythms."	  J	  Neurosci	  12(9):	  3321-­‐3349.	  Feder,	  J.	  N.,	  A.	  Gnirke,	  et	  al.	  (1996).	  "A	  novel	  MHC	  class	  I-­‐like	  gene	  is	  mutated	  in	  patients	  with	  hereditary	  haemochromatosis."	  Nat	  Genet	  13(4):	  399-­‐408.	  Ferguson,	  B.	  J.,	  B.	  S.	  Skikne,	  et	  al.	  (1992).	  "Serum	  transferrin	  receptor	  distinguishes	  the	  anemia	  of	  chronic	  disease	  from	  iron	  deficiency	  anemia."	  J	  Lab	  Clin	  Med	  
119(4):	  385-­‐390.	  Ferreira,	  C.,	  D.	  Bucchini,	  et	  al.	  (2000).	  "Early	  embryonic	  lethality	  of	  H	  ferritin	  gene	  deletion	  in	  mice."	  J	  Biol	  Chem	  275(5):	  3021-­‐3024.	  Ferreira,	  G.	  C.,	  R.	  Franco,	  et	  al.	  (1994).	  "Mammalian	  ferrochelatase,	  a	  new	  addition	  to	  the	  metalloenzyme	  family."	  J	  Biol	  Chem	  269(10):	  7062-­‐7065.	  Fields,	  S.	  and	  O.	  Song	  (1989).	  "A	  novel	  genetic	  system	  to	  detect	  protein-­‐protein	  interactions."	  Nature	  340(6230):	  245-­‐246.	  Filipski,	  E.,	  F.	  Delaunay,	  et	  al.	  (2004).	  "Effects	  of	  chronic	  jet	  lag	  on	  tumor	  progression	  in	  mice."	  Cancer	  Res	  64(21):	  7879-­‐7885.	  Fleming,	  M.	  D.	  (2011).	  "Congenital	  sideroblastic	  anemias:	  iron	  and	  heme	  lost	  in	  mitochondrial	  translation."	  Hematology	  Am	  Soc	  Hematol	  Educ	  Program	  
2011:	  525-­‐531.	  
	  158	  
Fleming,	  R.	  E.,	  M.	  C.	  Migas,	  et	  al.	  (1999).	  "Mechanism	  of	  increased	  iron	  absorption	  in	  murine	  model	  of	  hereditary	  hemochromatosis:	  increased	  duodenal	  expression	  of	  the	  iron	  transporter	  DMT1."	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  96(6):	  3143-­‐3148.	  Fleming,	  R.	  E.	  and	  W.	  S.	  Sly	  (2001).	  "Hepcidin:	  a	  putative	  iron-­‐regulatory	  hormone	  relevant	  to	  hereditary	  hemochromatosis	  and	  the	  anemia	  of	  chronic	  disease."	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  98(15):	  8160-­‐8162.	  Folwell,	  J.	  L.,	  C.	  H.	  Barton,	  et	  al.	  (2006).	  "Immunolocalisation	  of	  the	  D.	  melanogaster	  Nramp	  homologue	  Malvolio	  to	  gut	  and	  Malpighian	  tubules	  provides	  evidence	  that	  Malvolio	  and	  Nramp2	  are	  orthologous."	  J	  Exp	  Biol	  
209(Pt	  10):	  1988-­‐1995.	  Francois,	  P.,	  N.	  Despierre,	  et	  al.	  (2012).	  "Adaptive	  temperature	  compensation	  in	  circadian	  oscillations."	  PLoS	  Comput	  Biol	  8(7):	  e1002585.	  Fu,	  L.,	  H.	  Pelicano,	  et	  al.	  (2002).	  "The	  circadian	  gene	  Period2	  plays	  an	  important	  role	  in	  tumor	  suppression	  and	  DNA	  damage	  response	  in	  vivo."	  Cell	  111(1):	  41-­‐50.	  Fujii,	  S.,	  P.	  Krishnan,	  et	  al.	  (2007).	  "Nocturnal	  male	  sex	  drive	  in	  Drosophila	  ."	  Curr	  Biol	  17(3):	  244-­‐251.	  Fuqua,	  B.	  K.,	  C.	  D.	  Vulpe,	  et	  al.	  (2012).	  "Intestinal	  iron	  absorption."	  J	  Trace	  Elem	  Med	  Biol	  26(2-­‐3):	  115-­‐119.	  Gachon,	  F.,	  E.	  Nagoshi,	  et	  al.	  (2004).	  "The	  mammalian	  circadian	  timing	  system:	  from	  gene	  expression	  to	  physiology."	  Chromosoma	  113(3):	  103-­‐112.	  Galatro,	  A.	  and	  S.	  Puntarulo	  (2007).	  "Mitochondrial	  ferritin	  in	  animals	  and	  plants."	  Front	  Biosci	  12:	  1063-­‐1071.	  Gangaidzo,	  I.	  T.,	  V.	  M.	  Moyo,	  et	  al.	  (1999).	  "Iron	  overload	  in	  urban	  Africans	  in	  the	  1990s."	  Gut	  45(2):	  278-­‐283.	  Ganz,	  T.	  (2003).	  "Hepcidin,	  a	  key	  regulator	  of	  iron	  metabolism	  and	  mediator	  of	  anemia	  of	  inflammation."	  Blood	  102(3):	  783-­‐788.	  Ganz,	  T.	  (2012).	  "Macrophages	  and	  Systemic	  Iron	  Homeostasis."	  J	  Innate	  Immun.	  Ganz,	  T.	  and	  E.	  Nemeth	  (2012).	  "Hepcidin	  and	  iron	  homeostasis."	  Biochim	  Biophys	  Acta	  1823(9):	  1434-­‐1443.	  Gardner,	  P.	  R.	  and	  I.	  Fridovich	  (1992).	  "Inactivation-­‐reactivation	  of	  aconitase	  in	  Escherichia	  coli.	  A	  sensitive	  measure	  of	  superoxide	  radical."	  J	  Biol	  Chem	  
267(13):	  8757-­‐8763.	  Gekakis,	  N.,	  D.	  Staknis,	  et	  al.	  (1998).	  "Role	  of	  the	  CLOCK	  protein	  in	  the	  mammalian	  circadian	  mechanism."	  Science	  280(5369):	  1564-­‐1569.	  Georgieva,	  T.,	  B.	  C.	  Dunkov,	  et	  al.	  (2002).	  "Drosophila	  	  melanogaster	  ferritin:	  cDNA	  encoding	  a	  light	  chain	  homologue,	  temporal	  and	  tissue	  specific	  expression	  of	  both	  subunit	  types."	  Insect	  Biochem	  Mol	  Biol	  32(3):	  295-­‐302.	  Georgieva,	  T.,	  B.	  C.	  Dunkov,	  et	  al.	  (1999).	  "Iron	  availability	  dramatically	  alters	  the	  distribution	  of	  ferritin	  subunit	  messages	  in	  Drosophila	  	  melanogaster."	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  96(6):	  2716-­‐2721.	  Ghosh,	  S.,	  S.	  Hevi,	  et	  al.	  (2004).	  "Regulated	  secretion	  of	  glycosylated	  human	  ferritin	  from	  hepatocytes."	  Blood	  103(6):	  2369-­‐2376.	  Giebultowicz,	  J.	  M.	  and	  D.	  M.	  Hege	  (1997).	  "Circadian	  clock	  in	  Malpighian	  tubules."	  Nature	  386(6626):	  664.	  Giebultowicz,	  J.	  M.,	  R.	  Stanewsky,	  et	  al.	  (2000).	  "Transplanted	  Drosophila	  	  excretory	  tubules	  maintain	  circadian	  clock	  cycling	  out	  of	  phase	  with	  the	  host."	  Curr	  Biol	  10(2):	  107-­‐110.	  
	  159	  
Gilbert,	  P.	  G.	  a.	  J.	  (1896).	  "On	  the	  effects	  of	  sleep	  loss:	  Studies	  from	  the	  Psychological	  Laboratory	  of	  the	  University	  of	  Iowa."	  Psychol	  Rev	  3:	  468-­‐483.	  Giot,	  L.,	  J.	  S.	  Bader,	  et	  al.	  (2003).	  "A	  protein	  interaction	  map	  of	  Drosophila	  	  melanogaster."	  Science	  302(5651):	  1727-­‐1736.	  Glaser,	  F.	  T.	  and	  R.	  Stanewsky	  (2005).	  "Temperature	  synchronization	  of	  the	  
Drosophila	  	  circadian	  clock."	  Curr	  Biol	  15(15):	  1352-­‐1363.	  Glossop,	  N.	  R.	  and	  P.	  E.	  Hardin	  (2002).	  "Central	  and	  peripheral	  circadian	  oscillator	  mechanisms	  in	  flies	  and	  mammals."	  J	  Cell	  Sci	  115(Pt	  17):	  3369-­‐3377.	  Glossop,	  N.	  R.,	  J.	  H.	  Houl,	  et	  al.	  (2003).	  "VRILLE	  feeds	  back	  to	  control	  circadian	  transcription	  of	  Clock	  in	  the	  Drosophila	  	  circadian	  oscillator."	  Neuron	  
37(2):	  249-­‐261.	  Goldfischer,	  S.,	  H.	  W.	  Grotsky,	  et	  al.	  (1981).	  "Idiopathic	  neonatal	  iron	  storage	  involving	  the	  liver,	  pancreas,	  heart,	  and	  endocrine	  and	  exocrine	  glands."	  Hepatology	  1(1):	  58-­‐64.	  Goncalves,	  S.,	  V.	  Paupe,	  et	  al.	  (2008).	  "Deferiprone	  targets	  aconitase:	  implication	  for	  Friedreich's	  ataxia	  treatment."	  BMC	  Neurol	  8:	  20.	  Gonzalez-­‐Crespo,	  S.	  and	  G.	  Morata	  (1995).	  "Control	  of	  Drosophila	  	  adult	  pattern	  by	  extradenticle."	  Development	  121(7):	  2117-­‐2125.	  Gray,	  N.	  K.,	  K.	  Pantopoulos,	  et	  al.	  (1996).	  "Translational	  regulation	  of	  mammalian	  and	  Drosophila	  	  citric	  acid	  cycle	  enzymes	  via	  iron-­‐responsive	  elements."	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  93(10):	  4925-­‐4930.	  Grima,	  B.,	  E.	  Chelot,	  et	  al.	  (2004).	  "Morning	  and	  evening	  peaks	  of	  activity	  rely	  on	  different	  clock	  neurons	  of	  the	  Drosophila	  	  brain."	  Nature	  431(7010):	  869-­‐873.	  Grima,	  B.,	  A.	  Lamouroux,	  et	  al.	  (2002).	  "The	  F-­‐box	  protein	  slimb	  controls	  the	  levels	  of	  clock	  proteins	  period	  and	  timeless."	  Nature	  420(6912):	  178-­‐182.	  Guillaumond,	  F.,	  H.	  Dardente,	  et	  al.	  (2005).	  "Differential	  control	  of	  Bmal1	  circadian	  transcription	  by	  REV-­‐ERB	  and	  ROR	  nuclear	  receptors."	  J	  Biol	  Rhythms	  
20(5):	  391-­‐403.	  Gunshin,	  H.,	  Y.	  Fujiwara,	  et	  al.	  (2005).	  "Slc11a2	  is	  required	  for	  intestinal	  iron	  absorption	  and	  erythropoiesis	  but	  dispensable	  in	  placenta	  and	  liver."	  J	  Clin	  Invest	  115(5):	  1258-­‐1266.	  Gunshin,	  H.,	  C.	  N.	  Starr,	  et	  al.	  (2005).	  "Cybrd1	  (duodenal	  cytochrome	  b)	  is	  not	  necessary	  for	  dietary	  iron	  absorption	  in	  mice."	  Blood	  106(8):	  2879-­‐2883.	  Guo,	  J.,	  P.	  Cheng,	  et	  al.	  (2009).	  "The	  exosome	  regulates	  circadian	  gene	  expression	  in	  a	  posttranscriptional	  negative	  feedback	  loop."	  Cell	  138(6):	  1236-­‐1246.	  Gupta,	  S.	  K.,	  M.	  Sharma,	  et	  al.	  (2011).	  "Transfusion-­‐induced	  hemoglobinopathy	  in	  patients	  of	  beta-­‐thalassemia	  major."	  Indian	  J	  Pathol	  Microbiol	  54(3):	  609-­‐611.	  Gutierrez,	  E.,	  D.	  Wiggins,	  et	  al.	  (2007).	  "Specialized	  hepatocyte-­‐like	  cells	  regulate	  
Drosophila	  	  lipid	  metabolism."	  Nature	  445(7125):	  275-­‐280.	  Gutierrez,	  L.,	  N.	  Sabaratnam,	  et	  al.	  (2010).	  "Zinc	  accumulation	  in	  heterozygous	  mutants	  of	  fumble,	  the	  pantothenate	  kinase	  homologue	  of	  Drosophila	  ."	  FEBS	  Lett	  584(13):	  2942-­‐2946.	  Hall,	  J.	  C.	  (2003).	  "Genetics	  and	  molecular	  biology	  of	  rhythms	  in	  Drosophila	  	  and	  other	  insects."	  Adv	  Genet	  48:	  1-­‐280.	  Hamasaka,	  Y.,	  D.	  Rieger,	  et	  al.	  (2007).	  "Glutamate	  and	  its	  metabotropic	  receptor	  in	  
Drosophila	  	  clock	  neuron	  circuits."	  J	  Comp	  Neurol	  505(1):	  32-­‐45.	  
	  160	  
Hamburger,	  A.	  E.,	  A.	  P.	  West,	  Jr.,	  et	  al.	  (2005).	  "Crystal	  structure	  of	  a	  secreted	  insect	  ferritin	  reveals	  a	  symmetrical	  arrangement	  of	  heavy	  and	  light	  chains."	  J	  Mol	  Biol	  349(3):	  558-­‐569.	  Han,	  O.	  and	  E.	  Y.	  Kim	  (2007).	  "Colocalization	  of	  ferroportin-­‐1	  with	  hephaestin	  on	  the	  basolateral	  membrane	  of	  human	  intestinal	  absorptive	  cells."	  J	  Cell	  Biochem	  101(4):	  1000-­‐1010.	  Hardin,	  P.	  (2004).	  "Transcription	  regulation	  within	  the	  circadian	  clock:	  the	  E-­‐box	  and	  beyond."	  J	  Biol	  Rhythms	  (19):	  348-­‐360.	  Hardin,	  P.	  E.	  (1994).	  "Analysis	  of	  period	  mRNA	  cycling	  in	  Drosophila	  	  head	  and	  body	  tissues	  indicates	  that	  body	  oscillators	  behave	  differently	  from	  head	  oscillators."	  Mol	  Cell	  Biol	  14(11):	  7211-­‐7218.	  Hardin,	  P.	  E.	  (2011).	  "Molecular	  genetic	  analysis	  of	  circadian	  timekeeping	  in	  
Drosophila	  ."	  Adv	  Genet	  74:	  141-­‐173.	  Harris,	  Z.	  L.,	  A.	  P.	  Durley,	  et	  al.	  (1999).	  "Targeted	  gene	  disruption	  reveals	  an	  essential	  role	  for	  ceruloplasmin	  in	  cellular	  iron	  efflux."	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  96(19):	  10812-­‐10817.	  Harris,	  Z.	  L.,	  Y.	  Takahashi,	  et	  al.	  (1995).	  "Aceruloplasminemia:	  molecular	  characterization	  of	  this	  disorder	  of	  iron	  metabolism."	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  92(7):	  2539-­‐2543.	  Harrison,	  P.	  M.	  and	  P.	  Arosio	  (1996).	  "The	  ferritins:	  molecular	  properties,	  iron	  storage	  function	  and	  cellular	  regulation."	  Biochim	  Biophys	  Acta	  1275(3):	  161-­‐203.	  Hashimoto,	  K.,	  M.	  Hirai,	  et	  al.	  (1997).	  "Identification	  of	  a	  mouse	  homolog	  for	  the	  human	  hereditary	  haemochromatosis	  candidate	  gene."	  Biochem	  Biophys	  Res	  Commun	  230(1):	  35-­‐39.	  Hayasaka,	  K.,	  K.	  Kitanishi,	  et	  al.	  (2011).	  "Heme-­‐binding	  characteristics	  of	  the	  isolated	  PAS-­‐B	  domain	  of	  mouse	  Per2,	  a	  transcriptional	  regulatory	  factor	  associated	  with	  circadian	  rhythms."	  Biochim	  Biophys	  Acta	  1814(2):	  326-­‐333.	  Hege,	  D.	  M.,	  R.	  Stanewsky,	  et	  al.	  (1997).	  "Rhythmic	  expression	  of	  a	  PER-­‐reporter	  in	  the	  Malpighian	  tubules	  of	  decapitated	  Drosophila	  :	  evidence	  for	  a	  brain-­‐independent	  circadian	  clock."	  J	  Biol	  Rhythms	  12(4):	  300-­‐308.	  Helfrich-­‐Forster,	  C.	  (1995).	  "The	  period	  clock	  gene	  is	  expressed	  in	  central	  nervous	  system	  neurons	  which	  also	  produce	  a	  neuropeptide	  that	  reveals	  the	  projections	  of	  circadian	  pacemaker	  cells	  within	  the	  brain	  of	  Drosophila	  	  melanogaster."	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  92(2):	  612-­‐616.	  Helfrich-­‐Forster,	  C.	  (1997).	  "Development	  of	  pigment-­‐dispersing	  hormone-­‐immunoreactive	  neurons	  in	  the	  nervous	  system	  of	  Drosophila	  	  melanogaster."	  J	  Comp	  Neurol	  380(3):	  335-­‐354.	  Helfrich-­‐Forster,	  C.	  (1998).	  "Robust	  circadian	  rhythmicity	  of	  Drosophila	  	  melanogaster	  requires	  the	  presence	  of	  lateral	  neurons:	  a	  brain-­‐behavioral	  study	  of	  disconnected	  mutants."	  J	  Comp	  Physiol	  A	  182(4):	  435-­‐453.	  Helfrich-­‐Forster,	  C.	  (2000).	  "Differential	  control	  of	  morning	  and	  evening	  components	  in	  the	  activity	  rhythm	  of	  Drosophila	  	  melanogaster-­‐-­‐sex-­‐specific	  differences	  suggest	  a	  different	  quality	  of	  activity."	  J	  Biol	  Rhythms	  
15(2):	  135-­‐154.	  Helfrich-­‐Forster,	  C.	  (2003).	  "The	  neuroarchitecture	  of	  the	  circadian	  clock	  in	  the	  brain	  of	  Drosophila	  	  melanogaster."	  Microsc	  Res	  Tech	  62(2):	  94-­‐102.	  Helfrich-­‐Forster,	  C.	  (2005).	  "Neurobiology	  of	  the	  fruit	  fly's	  circadian	  clock."	  Genes	  Brain	  Behav	  4(2):	  65-­‐76.	  
	  161	  
Helfrich-­‐Forster,	  C.,	  O.	  T.	  Shafer,	  et	  al.	  (2007).	  "Development	  and	  morphology	  of	  the	  clock-­‐gene-­‐expressing	  lateral	  neurons	  of	  Drosophila	  	  melanogaster."	  J	  Comp	  Neurol	  500(1):	  47-­‐70.	  Helfrich-­‐Forster,	  C.,	  M.	  Tauber,	  et	  al.	  (2000).	  "Ectopic	  expression	  of	  the	  neuropeptide	  pigment-­‐dispersing	  factor	  alters	  behavioral	  rhythms	  in	  
Drosophila	  	  melanogaster."	  J	  Neurosci	  20(9):	  3339-­‐3353.	  Helfrich-­‐Forster,	  C.,	  C.	  Winter,	  et	  al.	  (2001).	  "The	  circadian	  clock	  of	  fruit	  flies	  is	  blind	  after	  elimination	  of	  all	  known	  photoreceptors."	  Neuron	  30(1):	  249-­‐261.	  Helfrich-­‐Forster,	  C.,	  T.	  Yoshii,	  et	  al.	  (2007).	  "The	  lateral	  and	  dorsal	  neurons	  of	  
Drosophila	  	  melanogaster:	  new	  insights	  about	  their	  morphology	  and	  function."	  Cold	  Spring	  Harb	  Symp	  Quant	  Biol	  72:	  517-­‐525.	  Hentze,	  M.	  W.	  and	  L.	  C.	  Kuhn	  (1996).	  "Molecular	  control	  of	  vertebrate	  iron	  metabolism:	  mRNA-­‐based	  regulatory	  circuits	  operated	  by	  iron,	  nitric	  oxide,	  and	  oxidative	  stress."	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  93(16):	  8175-­‐8182.	  Hentze,	  M.	  W.,	  M.	  U.	  Muckenthaler,	  et	  al.	  (2004).	  "Balancing	  acts:	  molecular	  control	  of	  mammalian	  iron	  metabolism."	  Cell	  117(3):	  285-­‐297.	  Hentze,	  M.	  W.,	  M.	  U.	  Muckenthaler,	  et	  al.	  (2010).	  "Two	  to	  tango:	  regulation	  of	  Mammalian	  iron	  metabolism."	  Cell	  142(1):	  24-­‐38.	  Howlader,	  G.,	  D.	  A.	  Paranjpe,	  et	  al.	  (2006).	  "Non-­‐ventral	  lateral	  neuron-­‐based,	  non-­‐PDF-­‐mediated	  clocks	  control	  circadian	  egg-­‐laying	  rhythm	  in	  Drosophila	  	  melanogaster."	  J	  Biol	  Rhythms	  21(1):	  13-­‐20.	  Hoyle,	  N.	  F.	  F.	  a.	  M.	  N.	  (1973).	  "Isolation	  of	  circadian	  clock	  mutants	  of	  Neurospora	  crassa."	  Genetics(75):	  605-­‐613.	  Hughes,	  M.	  E.,	  H.	  K.	  Hong,	  et	  al.	  (2012).	  "Brain-­‐specific	  rescue	  of	  clock	  reveals	  system-­‐driven	  transcriptional	  rhythms	  in	  peripheral	  tissue."	  PLoS	  Genet	  
8(7):	  e1002835.	  Idjradinata,	  P.	  and	  E.	  Pollitt	  (1993).	  "Reversal	  of	  developmental	  delays	  in	  iron-­‐deficient	  anaemic	  infants	  treated	  with	  iron."	  Lancet	  341(8836):	  1-­‐4.	  Ito,	  C.,	  S.	  G.	  Goto,	  et	  al.	  (2008).	  "Peripheral	  circadian	  clock	  for	  the	  cuticle	  deposition	  rhythm	  in	  Drosophila	  	  melanogaster."	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  
105(24):	  8446-­‐8451.	  Ito,	  T.,	  T.	  Chiba,	  et	  al.	  (2001).	  "A	  comprehensive	  two-­‐hybrid	  analysis	  to	  explore	  the	  yeast	  protein	  interactome."	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  98(8):	  4569-­‐4574.	  Jackson,	  F.	  R.	  (2011).	  "Glial	  cell	  modulation	  of	  circadian	  rhythms."	  Glia	  59(9):	  1341-­‐1350.	  Johard,	  H.	  A.,	  T.	  Yoishii,	  et	  al.	  (2009).	  "Peptidergic	  clock	  neurons	  in	  Drosophila	  :	  ion	  transport	  peptide	  and	  short	  neuropeptide	  F	  in	  subsets	  of	  dorsal	  and	  ventral	  lateral	  neurons."	  J	  Comp	  Neurol	  516(1):	  59-­‐73.	  Johnson,	  N.,	  G.	  Jain,	  et	  al.	  (2012).	  "Modeling	  the	  effect	  of	  exogenous	  melatonin	  on	  the	  sleep-­‐wake	  switch."	  Biomed	  Sci	  Instrum	  48:	  202-­‐209.	  Kaasik,	  K.	  and	  C.	  C.	  Lee	  (2004).	  "Reciprocal	  regulation	  of	  haem	  biosynthesis	  and	  the	  circadian	  clock	  in	  mammals."	  Nature	  430(6998):	  467-­‐471.	  Kaneko,	  M.	  (1998).	  "Neural	  substrates	  of	  Drosophila	  	  rhythms	  revealed	  by	  mutants	  and	  molecular	  manipulations."	  Curr	  Opin	  Neurobiol	  8(5):	  652-­‐658.	  Kaneko,	  M.	  and	  J.	  C.	  Hall	  (2000).	  "Neuroanatomy	  of	  cells	  expressing	  clock	  genes	  in	  
Drosophila	  :	  transgenic	  manipulation	  of	  the	  period	  and	  timeless	  genes	  to	  mark	  the	  perikarya	  of	  circadian	  pacemaker	  neurons	  and	  their	  projections."	  J	  Comp	  Neurol	  422(1):	  66-­‐94.	  
	  162	  
Kaneko,	  M.,	  C.	  Helfrich-­‐Forster,	  et	  al.	  (1997).	  "Spatial	  and	  temporal	  expression	  of	  the	  period	  and	  timeless	  genes	  in	  the	  developing	  nervous	  system	  of	  
Drosophila	  :	  newly	  identified	  pacemaker	  candidates	  and	  novel	  features	  of	  clock	  gene	  product	  cycling."	  J	  Neurosci	  17(17):	  6745-­‐6760.	  Kaneko,	  M.,	  J.	  H.	  Park,	  et	  al.	  (2000).	  "Disruption	  of	  synaptic	  transmission	  or	  clock-­‐gene-­‐product	  oscillations	  in	  circadian	  pacemaker	  cells	  of	  Drosophila	  	  cause	  abnormal	  behavioral	  rhythms."	  J	  Neurobiol	  43(3):	  207-­‐233.	  Karlsson,	  B.,	  A.	  Knutsson,	  et	  al.	  (2001).	  "Is	  there	  an	  association	  between	  shift	  work	  and	  having	  a	  metabolic	  syndrome?	  Results	  from	  a	  population	  based	  study	  of	  27,485	  people."	  Occup	  Environ	  Med	  58(11):	  747-­‐752.	  Katayama,	  M.,	  T.	  Kondo,	  et	  al.	  (2003).	  "ldpA	  encodes	  an	  iron-­‐sulfur	  protein	  involved	  in	  light-­‐dependent	  modulation	  of	  the	  circadian	  period	  in	  the	  cyanobacterium	  Synechococcus	  elongatus	  PCC	  7942."	  J	  Bacteriol	  185(4):	  1415-­‐1422.	  Kato,	  J.,	  K.	  Fujikawa,	  et	  al.	  (2001).	  "A	  mutation,	  in	  the	  iron-­‐responsive	  element	  of	  H	  ferritin	  mRNA,	  causing	  autosomal	  dominant	  iron	  overload."	  Am	  J	  Hum	  Genet	  69(1):	  191-­‐197.	  Kitanishi,	  K.,	  J.	  Igarashi,	  et	  al.	  (2008).	  "Heme-­‐binding	  characteristics	  of	  the	  isolated	  PAS-­‐A	  domain	  of	  mouse	  Per2,	  a	  transcriptional	  regulatory	  factor	  associated	  with	  circadian	  rhythms."	  Biochemistry	  47(23):	  6157-­‐6168.	  Klarsfeld,	  A.,	  S.	  Malpel,	  et	  al.	  (2004).	  "Novel	  features	  of	  cryptochrome-­‐mediated	  photoreception	  in	  the	  brain	  circadian	  clock	  of	  Drosophila	  ."	  J	  Neurosci	  
24(6):	  1468-­‐1477.	  Ko,	  H.	  W.,	  J.	  Jiang,	  et	  al.	  (2002).	  "Role	  for	  Slimb	  in	  the	  degradation	  of	  Drosophila	  	  Period	  protein	  phosphorylated	  by	  Doubletime."	  Nature	  420(6916):	  673-­‐678.	  Kohsaka,	  A.,	  A.	  D.	  Laposky,	  et	  al.	  (2007).	  "High-­‐fat	  diet	  disrupts	  behavioral	  and	  molecular	  circadian	  rhythms	  in	  mice."	  Cell	  Metab	  6(5):	  414-­‐421.	  Konopka	  R,	  B.	  S.	  (1971).	  "Clock	  Mutants	  of	  Drosophila	  	  Melanogaster."	  Proc.	  Nat.	  Acad.	  Sci.	  USA	  68(9):	  2112-­‐2116.	  Kosmidis,	  S.,	  J.	  A.	  Botella,	  et	  al.	  (2011).	  "Ferritin	  overexpression	  in	  Drosophila	  	  glia	  leads	  to	  iron	  deposition	  in	  the	  optic	  lobes	  and	  late-­‐onset	  behavioral	  defects."	  Neurobiol	  Dis	  43(1):	  213-­‐219.	  Koutnikova,	  H.,	  V.	  Campuzano,	  et	  al.	  (1997).	  "Studies	  of	  human,	  mouse	  and	  yeast	  homologues	  indicate	  a	  mitochondrial	  function	  for	  frataxin."	  Nat	  Genet	  
16(4):	  345-­‐351.	  Krishnan,	  B.,	  S.	  E.	  Dryer,	  et	  al.	  (1999).	  "Circadian	  rhythms	  in	  olfactory	  responses	  of	  
Drosophila	  	  melanogaster."	  Nature	  400(6742):	  375-­‐378.	  Kubo,	  T.,	  K.	  Ozasa,	  et	  al.	  (2006).	  "Prospective	  cohort	  study	  of	  the	  risk	  of	  prostate	  cancer	  among	  rotating-­‐shift	  workers:	  findings	  from	  the	  Japan	  collaborative	  cohort	  study."	  Am	  J	  Epidemiol	  164(6):	  549-­‐555.	  Kumar,	  J.	  P.,	  G.	  S.	  Wilkie,	  et	  al.	  (2001).	  "Perturbing	  nuclear	  transport	  in	  Drosophila	  	  eye	  imaginal	  discs	  causes	  specific	  cell	  adhesion	  and	  axon	  guidance	  defects."	  Dev	  Biol	  240(2):	  315-­‐325.	  Kume,	  K.,	  M.	  J.	  Zylka,	  et	  al.	  (1999).	  "mCRY1	  and	  mCRY2	  are	  essential	  components	  of	  the	  negative	  limb	  of	  the	  circadian	  clock	  feedback	  loop."	  Cell	  98(2):	  193-­‐205.	  Kyriacou,	  C.	  P.	  and	  J.	  C.	  Hall	  (1980).	  "Circadian	  rhythm	  mutations	  in	  Drosophila	  	  melanogaster	  affect	  short-­‐term	  fluctuations	  in	  the	  male's	  courtship	  song."	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  77(11):	  6729-­‐6733.	  
	  163	  
Langlois	  d'Estaintot,	  B.,	  P.	  Santambrogio,	  et	  al.	  (2004).	  "Crystal	  structure	  and	  biochemical	  properties	  of	  the	  human	  mitochondrial	  ferritin	  and	  its	  mutant	  Ser144Ala."	  J	  Mol	  Biol	  340(2):	  277-­‐293.	  Le	  Blanc,	  S.,	  M.	  D.	  Garrick,	  et	  al.	  (2012).	  "Heme	  Carrier	  Protein	  1	  (HCP1)	  transports	  heme	  and	  is	  involved	  in	  heme-­‐Fe	  metabolism."	  Am	  J	  Physiol	  Cell	  Physiol.	  Lear,	  B.	  C.,	  L.	  Zhang,	  et	  al.	  (2009).	  "The	  neuropeptide	  PDF	  acts	  directly	  on	  evening	  pacemaker	  neurons	  to	  regulate	  multiple	  features	  of	  circadian	  behavior."	  PLoS	  Biol	  7(7):	  e1000154.	  Lecerof,	  D.,	  M.	  Fodje,	  et	  al.	  (2000).	  "Structural	  and	  mechanistic	  basis	  of	  porphyrin	  metallation	  by	  ferrochelatase."	  J	  Mol	  Biol	  297(1):	  221-­‐232.	  Lee,	  A.,	  A.	  K.	  Henras,	  et	  al.	  (2005).	  "Multiple	  RNA	  surveillance	  pathways	  limit	  aberrant	  expression	  of	  iron	  uptake	  mRNAs	  and	  prevent	  iron	  toxicity	  in	  S.	  cerevisiae."	  Mol	  Cell	  19(1):	  39-­‐51.	  Lee,	  C.,	  K.	  Bae,	  et	  al.	  (1999).	  "PER	  and	  TIM	  inhibit	  the	  DNA	  binding	  activity	  of	  a	  
Drosophila	  	  CLOCK-­‐CYC/dBMAL1	  heterodimer	  without	  disrupting	  formation	  of	  the	  heterodimer:	  a	  basis	  for	  circadian	  transcription."	  Mol	  Cell	  Biol	  19(8):	  5316-­‐5325.	  Lee,	  G.,	  J.	  H.	  Bahn,	  et	  al.	  (2006).	  "Sex-­‐	  and	  clock-­‐controlled	  expression	  of	  the	  neuropeptide	  F	  gene	  in	  Drosophila	  ."	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  103(33):	  12580-­‐12585.	  Lee,	  Y.	  S.,	  K.	  Nakahara,	  et	  al.	  (2004).	  "Distinct	  roles	  for	  Drosophila	  	  Dicer-­‐1	  and	  Dicer-­‐2	  in	  the	  siRNA/miRNA	  silencing	  pathways."	  Cell	  117(1):	  69-­‐81.	  Levi,	  S.	  and	  P.	  Arosio	  (2004).	  "Mitochondrial	  ferritin."	  Int	  J	  Biochem	  Cell	  Biol	  
36(10):	  1887-­‐1889.	  Levi,	  S.,	  B.	  Corsi,	  et	  al.	  (2001).	  "A	  human	  mitochondrial	  ferritin	  encoded	  by	  an	  intronless	  gene."	  J	  Biol	  Chem	  276(27):	  24437-­‐24440.	  Levi,	  S.,	  A.	  Cozzi,	  et	  al.	  (2005).	  "Neuroferritinopathy:	  a	  neurodegenerative	  disorder	  associated	  with	  L-­‐ferritin	  mutation."	  Best	  Pract	  Res	  Clin	  Haematol	  18(2):	  265-­‐276.	  Levine,	  J.	  D.,	  P.	  Funes,	  et	  al.	  (2002).	  "Signal	  analysis	  of	  behavioral	  and	  molecular	  cycles."	  BMC	  Neurosci	  3:	  1.	  Levy,	  F.,	  P.	  Bulet,	  et	  al.	  (2004).	  "Proteomic	  analysis	  of	  the	  systemic	  immune	  response	  of	  Drosophila	  ."	  Mol	  Cell	  Proteomics	  3(2):	  156-­‐166.	  Li,	  R.,	  C.	  Luo,	  et	  al.	  (2006).	  "Chemokine	  CXCL12	  induces	  binding	  of	  ferritin	  heavy	  chain	  to	  the	  chemokine	  receptor	  CXCR4,	  alters	  CXCR4	  signaling,	  and	  induces	  phosphorylation	  and	  nuclear	  translocation	  of	  ferritin	  heavy	  chain."	  J	  Biol	  Chem	  281(49):	  37616-­‐37627.	  Li,	  S.,	  C.	  M.	  Armstrong,	  et	  al.	  (2004).	  "A	  map	  of	  the	  interactome	  network	  of	  the	  metazoan	  C.	  elegans."	  Science	  303(5657):	  540-­‐543.	  Lieu,	  P.	  T.,	  M.	  Heiskala,	  et	  al.	  (2001).	  "The	  roles	  of	  iron	  in	  health	  and	  disease."	  Mol	  Aspects	  Med	  22(1-­‐2):	  1-­‐87.	  Lill,	  R.	  (2009).	  "Function	  and	  biogenesis	  of	  iron-­‐sulphur	  proteins."	  Nature	  
460(7257):	  831-­‐838.	  Lill,	  R.,	  R.	  Dutkiewicz,	  et	  al.	  (2006).	  "Mechanisms	  of	  iron-­‐sulfur	  protein	  maturation	  in	  mitochondria,	  cytosol	  and	  nucleus	  of	  eukaryotes."	  Biochim	  Biophys	  Acta	  
1763(7):	  652-­‐667.	  Lill,	  R.,	  B.	  Hoffmann,	  et	  al.	  (2012).	  "The	  role	  of	  mitochondria	  in	  cellular	  iron-­‐sulfur	  protein	  biogenesis	  and	  iron	  metabolism."	  Biochim	  Biophys	  Acta	  1823(9):	  1491-­‐1508.	  
	  164	  
Lill,	  R.	  and	  U.	  Muhlenhoff	  (2008).	  "Maturation	  of	  iron-­‐sulfur	  proteins	  in	  eukaryotes:	  mechanisms,	  connected	  processes,	  and	  diseases."	  Annu	  Rev	  Biochem	  77:	  669-­‐700.	  Lin,	  J.	  M.,	  V.	  L.	  Kilman,	  et	  al.	  (2002).	  "A	  role	  for	  casein	  kinase	  2alpha	  in	  the	  
Drosophila	  	  circadian	  clock."	  Nature	  420(6917):	  816-­‐820.	  Lind,	  M.	  I.,	  F.	  Missirlis,	  et	  al.	  (2006).	  "Of	  two	  cytosolic	  aconitases	  expressed	  in	  
Drosophila	  ,	  only	  one	  functions	  as	  an	  iron-­‐regulatory	  protein."	  J	  Biol	  Chem	  
281(27):	  18707-­‐18714.	  Livak	  KJ,	  S.	  T.	  (2001).	  "Analysis	  of	  relative	  gene	  expression	  data	  using	  real-­‐time	  quantitative	  PCR	  and	  the	  2(-­‐Delta	  Delta	  C(T))	  Method."	  Methods	  Mol	  Biol	  
25(4):	  402-­‐408.	  Locke,	  M.	  (1991).	  "Apoferritin	  in	  the	  vacuolar	  system	  of	  insect	  hemocytes."	  Tissue	  Cell	  23(3):	  367-­‐375.	  Locke,	  M.	  and	  H.	  Leung	  (1984).	  "The	  induction	  and	  distribution	  of	  an	  insect	  ferritin-­‐-­‐a	  new	  function	  for	  the	  endoplasmic	  reticulum."	  Tissue	  Cell	  16(5):	  739-­‐766.	  Lopez-­‐Molina,	  L.,	  F.	  Conquet,	  et	  al.	  (1997).	  "The	  DBP	  gene	  is	  expressed	  according	  to	  a	  circadian	  rhythm	  in	  the	  suprachiasmatic	  nucleus	  and	  influences	  circadian	  behavior."	  EMBO	  J	  16(22):	  6762-­‐6771.	  Mackey,	  S.	  R.,	  J.	  S.	  Choi,	  et	  al.	  (2008).	  "Proteins	  found	  in	  a	  CikA	  interaction	  assay	  link	  the	  circadian	  clock,	  metabolism,	  and	  cell	  division	  in	  Synechococcus	  elongatus."	  J	  Bacteriol	  190(10):	  3738-­‐3746.	  Mairan,	  J.	  d.	  (1729).	  "Observation	  botanique."	  Histoire	  de	  l’Academie	  Royale	  des	  Sciences:	  5-­‐36.	  Manzini,	  C.	  U.,	  E.	  Manzini,	  et	  al.	  (2012).	  "The	  pathogenesis	  of	  the	  anaemia	  of	  chronic	  disorders."	  Reumatismo	  64(3):	  128-­‐133.	  Marchetti,	  A.,	  M.	  S.	  Parker,	  et	  al.	  (2009).	  "Ferritin	  is	  used	  for	  iron	  storage	  in	  bloom-­‐forming	  marine	  pennate	  diatoms."	  Nature	  457(7228):	  467-­‐470.	  Maresca,	  V.,	  E.	  Flori,	  et	  al.	  (2006).	  "Ferritin	  light	  chain	  down-­‐modulation	  generates	  depigmentation	  in	  human	  metastatic	  melanoma	  cells	  by	  influencing	  tyrosinase	  maturation."	  J	  Cell	  Physiol	  206(3):	  843-­‐848.	  Maron,	  B.	  J.,	  J.	  Kogan,	  et	  al.	  (1994).	  "Circadian	  variability	  in	  the	  occurrence	  of	  sudden	  cardiac	  death	  in	  patients	  with	  hypertrophic	  cardiomyopathy."	  J	  Am	  Coll	  Cardiol	  23(6):	  1405-­‐1409.	  Marsh,	  J.	  L.	  and	  L.	  M.	  Thompson	  (2006).	  "Drosophila	  	  in	  the	  study	  of	  neurodegenerative	  disease."	  Neuron	  52(1):	  169-­‐178.	  Martinek	  S,	  I.	  S.,	  Manoukian	  AS,	  Young	  MW.	  (2001).	  "A	  role	  for	  the	  segment	  polaity	  gene	  shaggy/GSK-­‐3	  in	  the	  Drosophila	  	  circadian	  clock."	  Cell(105):	  769-­‐779.	  Martino,	  T.,	  S.	  Arab,	  et	  al.	  (2004).	  "Day/night	  rhythms	  in	  gene	  expression	  of	  the	  normal	  murine	  heart."	  J	  Mol	  Med	  82(4):	  256-­‐264.	  McDonald,	  M.	  J.	  and	  M.	  Rosbash	  (2001).	  "Microarray	  analysis	  and	  organization	  of	  circadian	  gene	  expression	  in	  Drosophila	  ."	  Cell	  107(5):	  567-­‐578.	  McKie,	  A.	  T.,	  D.	  Barrow,	  et	  al.	  (2001).	  "An	  iron-­‐regulated	  ferric	  reductase	  associated	  with	  the	  absorption	  of	  dietary	  iron."	  Science	  291(5509):	  1755-­‐1759.	  McKie,	  A.	  T.,	  P.	  Marciani,	  et	  al.	  (2000).	  "A	  novel	  duodenal	  iron-­‐regulated	  transporter,	  IREG1,	  implicated	  in	  the	  basolateral	  transfer	  of	  iron	  to	  the	  circulation."	  Mol	  Cell	  5(2):	  299-­‐309.	  McNeil,	  G.	  P.,	  X.	  Zhang,	  et	  al.	  (1998).	  "A	  molecular	  rhythm	  mediating	  circadian	  clock	  output	  in	  Drosophila	  ."	  Neuron	  20(2):	  297-­‐303.	  
	  165	  
Mehta,	  A.,	  A.	  Deshpande,	  et	  al.	  (2009).	  "Ferritin	  accumulation	  under	  iron	  scarcity	  in	  Drosophila	  	  iron	  cells."	  Biochimie	  91(10):	  1331-­‐1334.	  Mertz,	  W.	  (1981).	  "The	  essential	  trace	  elements."	  Science	  213(4514):	  1332-­‐1338.	  Meyron-­‐Holtz,	  E.	  G.,	  M.	  C.	  Ghosh,	  et	  al.	  (2004).	  "Genetic	  ablations	  of	  iron	  regulatory	  proteins	  1	  and	  2	  reveal	  why	  iron	  regulatory	  protein	  2	  dominates	  iron	  homeostasis."	  EMBO	  J	  23(2):	  386-­‐395.	  Meyron-­‐Holtz,	  E.	  G.,	  M.	  C.	  Ghosh,	  et	  al.	  (2004).	  "Mammalian	  tissue	  oxygen	  levels	  modulate	  iron-­‐regulatory	  protein	  activities	  in	  vivo."	  Science	  306(5704):	  2087-­‐2090.	  Meyron-­‐Holtz,	  E.	  G.,	  S.	  Moshe-­‐Belizowski,	  et	  al.	  (2011).	  "A	  possible	  role	  for	  secreted	  ferritin	  in	  tissue	  iron	  distribution."	  J	  Neural	  Transm	  118(3):	  337-­‐347.	  Missirlis,	  F.,	  S.	  Holmberg,	  et	  al.	  (2006).	  "Characterization	  of	  mitochondrial	  ferritin	  in	  Drosophila	  ."	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  103(15):	  5893-­‐5898.	  Missirlis,	  F.,	  J.	  Hu,	  et	  al.	  (2003).	  "Compartment-­‐specific	  protection	  of	  iron-­‐sulfur	  proteins	  by	  superoxide	  dismutase."	  J	  Biol	  Chem	  278(48):	  47365-­‐47369.	  Missirlis,	  F.,	  S.	  Kosmidis,	  et	  al.	  (2007).	  "Homeostatic	  mechanisms	  for	  iron	  storage	  revealed	  by	  genetic	  manipulations	  and	  live	  imaging	  of	  Drosophila	  	  ferritin."	  Genetics	  177(1):	  89-­‐100.	  Miyasako,	  Y.,	  Y.	  Umezaki,	  et	  al.	  (2007).	  "Separate	  sets	  of	  cerebral	  clock	  neurons	  are	  responsible	  for	  light	  and	  temperature	  entrainment	  of	  Drosophila	  	  circadian	  locomotor	  rhythms."	  J	  Biol	  Rhythms	  22(2):	  115-­‐126.	  Mizuno,	  S.,	  T.	  Mihara,	  et	  al.	  (2005).	  "CSF	  iron,	  ferritin	  and	  transferrin	  levels	  in	  restless	  legs	  syndrome."	  J	  Sleep	  Res	  14(1):	  43-­‐47.	  Moses,	  K.,	  M.	  C.	  Ellis,	  et	  al.	  (1989).	  "The	  glass	  gene	  encodes	  a	  zinc-­‐finger	  protein	  required	  by	  Drosophila	  	  photoreceptor	  cells."	  Nature	  340(6234):	  531-­‐536.	  Muckenthaler,	  M.,	  N.	  Gunkel,	  et	  al.	  (1998).	  "Iron-­‐regulatory	  protein-­‐1	  (IRP-­‐1)	  is	  highly	  conserved	  in	  two	  invertebrate	  species-­‐-­‐characterization	  of	  IRP-­‐1	  homologues	  in	  Drosophila	  	  melanogaster	  and	  Caenorhabditis	  elegans."	  Eur	  J	  Biochem	  254(2):	  230-­‐237.	  Murad,	  A.,	  M.	  Emery-­‐Le,	  et	  al.	  (2007).	  "A	  subset	  of	  dorsal	  neurons	  modulates	  circadian	  behavior	  and	  light	  responses	  in	  Drosophila	  ."	  Neuron	  53(5):	  689-­‐701.	  Napier,	  I.,	  P.	  Ponka,	  et	  al.	  (2005).	  "Iron	  trafficking	  in	  the	  mitochondrion:	  novel	  pathways	  revealed	  by	  disease."	  Blood	  105(5):	  1867-­‐1874.	  Nawathean,	  P.,	  D.	  Stoleru,	  et	  al.	  (2007).	  "A	  small	  conserved	  domain	  of	  Drosophila	  	  PERIOD	  is	  important	  for	  circadian	  phosphorylation,	  nuclear	  localization,	  and	  transcriptional	  repressor	  activity."	  Mol	  Cell	  Biol	  27(13):	  5002-­‐5013.	  Nemeth,	  E.,	  M.	  S.	  Tuttle,	  et	  al.	  (2004).	  "Hepcidin	  regulates	  cellular	  iron	  efflux	  by	  binding	  to	  ferroportin	  and	  inducing	  its	  internalization."	  Science	  
306(5704):	  2090-­‐2093.	  Newby,	  L.	  M.	  and	  F.	  R.	  Jackson	  (1993).	  "A	  new	  biological	  rhythm	  mutant	  of	  
Drosophila	  	  melanogaster	  that	  identifies	  a	  gene	  with	  an	  essential	  embryonic	  function."	  Genetics	  135(4):	  1077-­‐1090.	  Nichol,	  H.,	  J.	  H.	  Law,	  et	  al.	  (2002).	  "Iron	  metabolism	  in	  insects."	  Annu	  Rev	  Entomol	  
47:	  535-­‐559.	  Nie,	  G.,	  A.	  D.	  Sheftel,	  et	  al.	  (2005).	  "Overexpression	  of	  mitochondrial	  ferritin	  causes	  cytosolic	  iron	  depletion	  and	  changes	  cellular	  iron	  homeostasis."	  Blood	  
105(5):	  2161-­‐2167.	  
	  166	  
Nielsen,	  P.,	  U.	  Gunther,	  et	  al.	  (2000).	  "Serum	  ferritin	  iron	  in	  iron	  overload	  and	  liver	  damage:	  correlation	  to	  body	  iron	  stores	  and	  diagnostic	  relevance."	  J	  Lab	  Clin	  Med	  135(5):	  413-­‐418.	  Nitabach,	  M.	  N.,	  J.	  Blau,	  et	  al.	  (2002).	  "Electrical	  silencing	  of	  Drosophila	  	  pacemaker	  neurons	  stops	  the	  free-­‐running	  circadian	  clock."	  Cell	  109(4):	  485-­‐495.	  Nitabach,	  M.	  N.	  and	  P.	  H.	  Taghert	  (2008).	  "Organization	  of	  the	  Drosophila	  	  circadian	  control	  circuit."	  Curr	  Biol	  18(2):	  R84-­‐93.	  Oberpichler,	  I.,	  A.	  J.	  Pierik,	  et	  al.	  (2011).	  "A	  photolyase-­‐like	  protein	  from	  Agrobacterium	  tumefaciens	  with	  an	  iron-­‐sulfur	  cluster."	  PLoS	  One	  6(10):	  e26775.	  Oppenheim,	  E.	  W.,	  C.	  Adelman,	  et	  al.	  (2001).	  "Heavy	  chain	  ferritin	  enhances	  serine	  hydroxymethyltransferase	  expression	  and	  de	  novo	  thymidine	  biosynthesis."	  J	  Biol	  Chem	  276(23):	  19855-­‐19861.	  Pal-­‐Bhadra,	  M.,	  U.	  Bhadra,	  et	  al.	  (1997).	  "Cosuppression	  in	  Drosophila	  :	  gene	  silencing	  of	  Alcohol	  dehydrogenase	  by	  white-­‐Adh	  transgenes	  is	  Polycomb	  dependent."	  Cell	  90(3):	  479-­‐490.	  Panda,	  S.,	  M.	  P.	  Antoch,	  et	  al.	  (2002).	  "Coordinated	  transcription	  of	  key	  pathways	  in	  the	  mouse	  by	  the	  circadian	  clock."	  Cell	  109(3):	  307-­‐320.	  Papanikolaou,	  G.,	  M.	  Tzilianos,	  et	  al.	  (2005).	  "Hepcidin	  in	  iron	  overload	  disorders."	  Blood	  105(10):	  4103-­‐4105.	  Park,	  J.	  H.,	  C.	  Helfrich-­‐Forster,	  et	  al.	  (2000).	  "Differential	  regulation	  of	  circadian	  pacemaker	  output	  by	  separate	  clock	  genes	  in	  Drosophila	  ."	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  97(7):	  3608-­‐3613.	  Pegoraro,	  M.	  and	  E.	  Tauber	  (2011).	  "Animal	  clocks:	  a	  multitude	  of	  molecular	  mechanisms	  for	  circadian	  timekeeping."	  Wiley	  Interdiscip	  Rev	  RNA	  2(2):	  312-­‐320.	  Peng,	  Y.,	  D.	  Stoleru,	  et	  al.	  (2003).	  "Drosophila	  	  free-­‐running	  rhythms	  require	  intercellular	  communication."	  PLoS	  Biol	  1(1):	  E13.	  Pereanu,	  W.,	  D.	  Shy,	  et	  al.	  (2005).	  "Morphogenesis	  and	  proliferation	  of	  the	  larval	  brain	  glia	  in	  Drosophila	  ."	  Dev	  Biol	  283(1):	  191-­‐203.	  Peschel,	  N.,	  K.	  F.	  Chen,	  et	  al.	  (2009).	  "Light-­‐dependent	  interactions	  between	  the	  
Drosophila	  	  circadian	  clock	  factors	  cryptochrome,	  jetlag,	  and	  timeless."	  Curr	  Biol	  19(3):	  241-­‐247.	  Petrak,	  J.	  and	  D.	  Vyoral	  (2005).	  "Hephaestin-­‐-­‐a	  ferroxidase	  of	  cellular	  iron	  export."	  Int	  J	  Biochem	  Cell	  Biol	  37(6):	  1173-­‐1178.	  Pfaffl,	  M.	  W.	  (2001).	  "A	  new	  mathematical	  model	  for	  relative	  quantification	  in	  real-­‐time	  RT-­‐PCR."	  Nucleic	  Acids	  Res	  29(9):	  e45.	  Pham,	  D.	  Q.	  and	  J.	  J.	  Winzerling	  (2010).	  "Insect	  ferritins:	  Typical	  or	  atypical?"	  Biochim	  Biophys	  Acta	  1800(8):	  824-­‐833.	  Picard,	  V.,	  G.	  Govoni,	  et	  al.	  (2000).	  "Nramp	  2	  (DCT1/DMT1)	  expressed	  at	  the	  plasma	  membrane	  transports	  iron	  and	  other	  divalent	  cations	  into	  a	  calcein-­‐accessible	  cytoplasmic	  pool."	  J	  Biol	  Chem	  275(46):	  35738-­‐35745.	  Piccinelli,	  P.	  and	  T.	  Samuelsson	  (2007).	  "Evolution	  of	  the	  iron-­‐responsive	  element."	  RNA	  13(7):	  952-­‐966.	  Picot,	  M.,	  P.	  Cusumano,	  et	  al.	  (2007).	  "Light	  activates	  output	  from	  evening	  neurons	  and	  inhibits	  output	  from	  morning	  neurons	  in	  the	  Drosophila	  	  circadian	  clock."	  PLoS	  Biol	  5(11):	  e315.	  Pittendrigh,	  C.	  S.	  (1967).	  "Circadian	  systems.	  I.	  The	  driving	  oscillation	  and	  its	  assay	  in	  Drosophila	  	  pseudoobscura."	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  58(4):	  1762-­‐1767.	  
	  167	  
Plautz,	  J.	  D.,	  M.	  Kaneko,	  et	  al.	  (1997).	  "Independent	  photoreceptive	  circadian	  clocks	  throughout	  Drosophila	  ."	  Science	  278(5343):	  1632-­‐1635.	  Plautz,	  J.	  D.,	  M.	  Straume,	  et	  al.	  (1997).	  "Quantitative	  analysis	  of	  Drosophila	  	  period	  gene	  transcription	  in	  living	  animals."	  J	  Biol	  Rhythms	  12(3):	  204-­‐217.	  Pollitt,	  E.	  (1993).	  "Iron	  deficiency	  and	  cognitive	  function."	  Annu	  Rev	  Nutr	  13:	  521-­‐537.	  Powell,	  C.	  S.	  and	  R.	  M.	  Jackson	  (2003).	  "Mitochondrial	  complex	  I,	  aconitase,	  and	  succinate	  dehydrogenase	  during	  hypoxia-­‐reoxygenation:	  modulation	  of	  enzyme	  activities	  by	  MnSOD."	  Am	  J	  Physiol	  Lung	  Cell	  Mol	  Physiol	  285(1):	  L189-­‐198.	  Preitner,	  N.,	  F.	  Damiola,	  et	  al.	  (2002).	  "The	  orphan	  nuclear	  receptor	  REV-­‐ERBalpha	  controls	  circadian	  transcription	  within	  the	  positive	  limb	  of	  the	  mammalian	  circadian	  oscillator."	  Cell	  110(2):	  251-­‐260.	  Price	  JL,	  B.	  J.,	  Rothenfluh	  A,	  Abodeely	  M,	  Kloss	  B,	  Young	  MW	  (1998).	  "double-­‐time	  is	  a	  novel	  Drosophila	  	  clock	  gene	  that	  regulates	  PERIOD	  protein	  accumulation."	  Cell(94):	  83-­‐95.	  Price	  JL,	  B.	  J.,	  Rothenfluh	  A,	  Abodeely	  M,	  Kloss	  B,	  Young	  MW.	  (1998).	  "double-­‐time	  is	  a	  new	  Drosophila	  	  clock	  gene	  that	  regulates	  PERIOD	  protein	  accumulation."	  Cell(94):	  83-­‐95.	  Puig,	  S.,	  E.	  Askeland,	  et	  al.	  (2005).	  "Coordinated	  remodeling	  of	  cellular	  metabolism	  during	  iron	  deficiency	  through	  targeted	  mRNA	  degradation."	  Cell	  120(1):	  99-­‐110.	  Raghuram,	  S.,	  K.	  R.	  Stayrook,	  et	  al.	  (2007).	  "Identification	  of	  heme	  as	  the	  ligand	  for	  the	  orphan	  nuclear	  receptors	  REV-­‐ERBalpha	  and	  REV-­‐ERBbeta."	  Nat	  Struct	  Mol	  Biol	  14(12):	  1207-­‐1213.	  Ramsey,	  K.	  M.,	  B.	  Marcheva,	  et	  al.	  (2007).	  "The	  clockwork	  of	  metabolism."	  Annu	  Rev	  Nutr	  27:	  219-­‐240.	  Rashid,	  K.	  A.,	  S.	  Hevi,	  et	  al.	  (2002).	  "A	  proteomic	  approach	  identifies	  proteins	  in	  hepatocytes	  that	  bind	  nascent	  apolipoprotein	  B."	  J	  Biol	  Chem	  277(24):	  22010-­‐22017.	  Recalcati,	  S.,	  P.	  Invernizzi,	  et	  al.	  (2008).	  "New	  functions	  for	  an	  iron	  storage	  protein:	  the	  role	  of	  ferritin	  in	  immunity	  and	  autoimmunity."	  J	  Autoimmun	  30(1-­‐2):	  84-­‐89.	  Reddy,	  A.	  B.,	  N.	  A.	  Karp,	  et	  al.	  (2006).	  "Circadian	  orchestration	  of	  the	  hepatic	  proteome."	  Curr	  Biol	  16(11):	  1107-­‐1115.	  Reddy,	  P.,	  W.	  A.	  Zehring,	  et	  al.	  (1984).	  "Molecular	  analysis	  of	  the	  period	  locus	  in	  
Drosophila	  	  melanogaster	  and	  identification	  of	  a	  transcript	  involved	  in	  biological	  rhythms."	  Cell	  38(3):	  701-­‐710.	  Reinking,	  J.,	  M.	  M.	  Lam,	  et	  al.	  (2005).	  "The	  Drosophila	  	  nuclear	  receptor	  e75	  contains	  heme	  and	  is	  gas	  responsive."	  Cell	  122(2):	  195-­‐207.	  Renn,	  S.	  C.,	  J.	  H.	  Park,	  et	  al.	  (1999).	  "A	  pdf	  neuropeptide	  gene	  mutation	  and	  ablation	  of	  PDF	  neurons	  each	  cause	  severe	  abnormalities	  of	  behavioral	  circadian	  rhythms	  in	  Drosophila	  ."	  Cell	  99(7):	  791-­‐802.	  Richardson,	  D.	  R.,	  D.	  J.	  Lane,	  et	  al.	  (2010).	  "Mitochondrial	  iron	  trafficking	  and	  the	  integration	  of	  iron	  metabolism	  between	  the	  mitochondrion	  and	  cytosol."	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  107(24):	  10775-­‐10782.	  Richier,	  S.,	  A.	  I.	  Macey,	  et	  al.	  (2012).	  "Abundances	  of	  iron-­‐binding	  photosynthetic	  and	  nitrogen-­‐fixing	  proteins	  of	  Trichodesmium	  both	  in	  culture	  and	  in	  situ	  from	  the	  North	  Atlantic."	  PLoS	  One	  7(5):	  e35571.	  
	  168	  
Rieger,	  D.,	  O.	  T.	  Shafer,	  et	  al.	  (2006).	  "Functional	  analysis	  of	  circadian	  pacemaker	  neurons	  in	  Drosophila	  	  melanogaster."	  J	  Neurosci	  26(9):	  2531-­‐2543.	  Rizki,	  T.	  (1978).	  "The	  circulatory	  system	  and	  associated	  tissues."	  The	  genetics	  and	  biology	  of	  Drosophila	  	  397-­‐452.	  Rogers,	  P.	  M.,	  L.	  Ying,	  et	  al.	  (2008).	  "Relationship	  between	  circadian	  oscillations	  of	  Rev-­‐erbalpha	  expression	  and	  intracellular	  levels	  of	  its	  ligand,	  heme."	  Biochem	  Biophys	  Res	  Commun	  368(4):	  955-­‐958.	  Rosbash	  M,	  H.	  J.	  (1989).	  "A	  new	  mutation	  at	  the	  period	  locus	  of	  Drosophila	  	  melanogaster	  with	  some	  novel	  effects	  on	  circadian	  rhythms.	  ."	  J.	  Neurogenet	  5:	  229-­‐256.	  Rose,	  I.	  A.	  and	  E.	  L.	  O'Connell	  (1967).	  "Mechanism	  of	  aconitase	  action.	  I.	  The	  hydrogen	  transfer	  reaction."	  J	  Biol	  Chem	  242(8):	  1870-­‐1879.	  Roy,	  C.	  N.,	  D.	  M.	  Penny,	  et	  al.	  (1999).	  "The	  hereditary	  hemochromatosis	  protein,	  HFE,	  specifically	  regulates	  transferrin-­‐mediated	  iron	  uptake	  in	  HeLa	  cells."	  J	  Biol	  Chem	  274(13):	  9022-­‐9028.	  Rutila,	  J.	  E.,	  V.	  Suri,	  et	  al.	  (1998).	  "CYCLE	  is	  a	  second	  bHLH-­‐PAS	  clock	  protein	  essential	  for	  circadian	  rhythmicity	  and	  transcription	  of	  Drosophila	  	  period	  and	  timeless."	  Cell	  93(5):	  805-­‐814.	  Sathyanarayanan,	  S.,	  X.	  Zheng,	  et	  al.	  (2004).	  "Posttranslational	  regulation	  of	  
Drosophila	  	  PERIOD	  protein	  by	  protein	  phosphatase	  2A."	  Cell	  116(4):	  603-­‐615.	  Sato,	  T.	  K.,	  S.	  Panda,	  et	  al.	  (2004).	  "A	  functional	  genomics	  strategy	  reveals	  Rora	  as	  a	  component	  of	  the	  mammalian	  circadian	  clock."	  Neuron	  43(4):	  527-­‐537.	  Schibler,	  U.,	  J.	  Ripperger,	  et	  al.	  (2003).	  "Peripheral	  circadian	  oscillators	  in	  mammals:	  time	  and	  food."	  J	  Biol	  Rhythms	  18(3):	  250-­‐260.	  Scholl,	  T.	  O.,	  M.	  L.	  Hediger,	  et	  al.	  (1992).	  "Anemia	  vs	  iron	  deficiency:	  increased	  risk	  of	  preterm	  delivery	  in	  a	  prospective	  study."	  Am	  J	  Clin	  Nutr	  55(5):	  985-­‐988.	  Schoonhoven,	  L.,	  J.	  R.	  Haalboom,	  et	  al.	  (2002).	  "Prospective	  cohort	  study	  of	  routine	  use	  of	  risk	  assessment	  scales	  for	  prediction	  of	  pressure	  ulcers."	  BMJ	  
325(7368):	  797.	  Schultz,	  I.	  J.,	  C.	  Chen,	  et	  al.	  (2010).	  "Iron	  and	  porphyrin	  trafficking	  in	  heme	  biogenesis."	  J	  Biol	  Chem	  285(35):	  26753-­‐26759.	  Seay,	  D.	  J.	  and	  C.	  S.	  Thummel	  (2011).	  "The	  circadian	  clock,	  light,	  and	  cryptochrome	  regulate	  feeding	  and	  metabolism	  in	  Drosophila	  ."	  J	  Biol	  Rhythms	  26(6):	  497-­‐506.	  Sehadova,	  H.,	  F.	  T.	  Glaser,	  et	  al.	  (2009).	  "Temperature	  entrainment	  of	  Drosophila	  's	  circadian	  clock	  involves	  the	  gene	  nocte	  and	  signaling	  from	  peripheral	  sensory	  tissues	  to	  the	  brain."	  Neuron	  64(2):	  251-­‐266.	  Sehgal,	  A.,	  J.	  L.	  Price,	  et	  al.	  (1994).	  "Loss	  of	  circadian	  behavioral	  rhythms	  and	  per	  RNA	  oscillations	  in	  the	  Drosophila	  	  mutant	  timeless."	  Science	  263(5153):	  1603-­‐1606.	  Shafer,	  O.	  T.,	  C.	  Helfrich-­‐Forster,	  et	  al.	  (2006).	  "Reevaluation	  of	  Drosophila	  	  melanogaster's	  neuronal	  circadian	  pacemakers	  reveals	  new	  neuronal	  classes."	  J	  Comp	  Neurol	  498(2):	  180-­‐193.	  Shafer,	  O.	  T.,	  M.	  Rosbash,	  et	  al.	  (2002).	  "Sequential	  nuclear	  accumulation	  of	  the	  clock	  proteins	  period	  and	  timeless	  in	  the	  pacemaker	  neurons	  of	  Drosophila	  	  melanogaster."	  J	  Neurosci	  22(14):	  5946-­‐5954.	  Shafer,	  O.	  T.	  and	  P.	  H.	  Taghert	  (2009).	  "RNA-­‐interference	  knockdown	  of	  Drosophila	  	  pigment	  dispersing	  factor	  in	  neuronal	  subsets:	  the	  anatomical	  basis	  of	  a	  neuropeptide's	  circadian	  functions."	  PLoS	  One	  4(12):	  e8298.	  
	  169	  
Sheeba,	  V.,	  K.	  J.	  Fogle,	  et	  al.	  (2010).	  "Persistence	  of	  morning	  anticipation	  behavior	  and	  high	  amplitude	  morning	  startle	  response	  following	  functional	  loss	  of	  small	  ventral	  lateral	  neurons	  in	  Drosophila	  ."	  PLoS	  One	  5(7):	  e11628.	  Sheeba,	  V.,	  K.	  J.	  Fogle,	  et	  al.	  (2008).	  "Large	  ventral	  lateral	  neurons	  modulate	  arousal	  and	  sleep	  in	  Drosophila	  ."	  Curr	  Biol	  18(20):	  1537-­‐1545.	  Shibuya,	  T.,	  T.	  O.	  Tange,	  et	  al.	  (2004).	  "eIF4AIII	  binds	  spliced	  mRNA	  in	  the	  exon	  junction	  complex	  and	  is	  essential	  for	  nonsense-­‐mediated	  decay."	  Nat	  Struct	  Mol	  Biol	  11(4):	  346-­‐351.	  Siwicki,	  K.	  K.,	  C.	  Eastman,	  et	  al.	  (1988).	  "Antibodies	  to	  the	  period	  gene	  product	  of	  
Drosophila	  	  reveal	  diverse	  tissue	  distribution	  and	  rhythmic	  changes	  in	  the	  visual	  system."	  Neuron	  1(2):	  141-­‐150.	  Spiegel,	  K.,	  K.	  Knutson,	  et	  al.	  (2005).	  "Sleep	  loss:	  a	  novel	  risk	  factor	  for	  insulin	  resistance	  and	  Type	  2	  diabetes."	  J	  Appl	  Physiol	  99(5):	  2008-­‐2019.	  Spiegel,	  K.,	  E.	  Tasali,	  et	  al.	  (2004).	  "Brief	  communication:	  Sleep	  curtailment	  in	  healthy	  young	  men	  is	  associated	  with	  decreased	  leptin	  levels,	  elevated	  ghrelin	  levels,	  and	  increased	  hunger	  and	  appetite."	  Ann	  Intern	  Med	  
141(11):	  846-­‐850.	  Srinivasan,	  V.,	  M.	  Smits,	  et	  al.	  (2006).	  "Melatonin	  in	  mood	  disorders."	  World	  J	  Biol	  Psychiatry	  7(3):	  138-­‐151.	  Stanewsky,	  G.	  F.	  R.	  (2005).	  "Temperature	  synchronization	  of	  the	  Drosophila	  	  circadian	  clock."	  CURR	  BIOL	  15:	  1352-­‐1363.	  Stanewsky,	  R.	  (2007).	  "Analysis	  of	  rhythmic	  gene	  expression	  in	  adult	  Drosophila	  	  using	  the	  firefly	  luciferase	  reporter	  gene."	  Methods	  Mol	  Biol	  362:	  131-­‐142.	  Stanewsky,	  R.,	  M.	  Kaneko,	  et	  al.	  (1998).	  "The	  cryb	  mutation	  identifies	  cryptochrome	  as	  a	  circadian	  photoreceptor	  in	  Drosophila	  ."	  Cell	  95(5):	  681-­‐692.	  Stoleru,	  D.,	  Y.	  Peng,	  et	  al.	  (2004).	  "Coupled	  oscillators	  control	  morning	  and	  evening	  locomotor	  behaviour	  of	  Drosophila	  ."	  Nature	  431(7010):	  862-­‐868.	  Stoleru,	  D.,	  Y.	  Peng,	  et	  al.	  (2005).	  "A	  resetting	  signal	  between	  Drosophila	  	  pacemakers	  synchronizes	  morning	  and	  evening	  activity."	  Nature	  
438(7065):	  238-­‐242.	  Stoltzfus,	  R.	  J.	  (2001).	  "Iron-­‐deficiency	  anemia:	  reexamining	  the	  nature	  and	  magnitude	  of	  the	  public	  health	  problem.	  Summary:	  implications	  for	  research	  and	  programs."	  J	  Nutr	  131(2S-­‐2):	  697S-­‐700S;	  discussion	  700S-­‐701S.	  Storch,	  K.	  F.,	  O.	  Lipan,	  et	  al.	  (2002).	  "Extensive	  and	  divergent	  circadian	  gene	  expression	  in	  liver	  and	  heart."	  Nature	  417(6884):	  78-­‐83.	  Suh,	  J.	  and	  F.	  R.	  Jackson	  (2007).	  "Drosophila	  	  ebony	  activity	  is	  required	  in	  glia	  for	  the	  circadian	  regulation	  of	  locomotor	  activity."	  Neuron	  55(3):	  435-­‐447.	  Suh,	  J.	  R.,	  E.	  W.	  Oppenheim,	  et	  al.	  (2000).	  "Purification	  and	  properties	  of	  a	  folate-­‐catabolizing	  enzyme."	  J	  Biol	  Chem	  275(45):	  35646-­‐35655.	  Sundaram,	  M.	  and	  Z.	  Yao	  (2012).	  "Intrahepatic	  role	  of	  exchangeable	  apolipoproteins	  in	  lipoprotein	  assembly	  and	  secretion."	  Arterioscler	  Thromb	  Vasc	  Biol	  32(5):	  1073-­‐1078.	  Szymanski,	  J.	  S.	  (1918).	  Pflilg.	  Arch.	  ges.	  Physiol	  1(170).	  Taghert,	  P.	  H.,	  R.	  S.	  Hewes,	  et	  al.	  (2001).	  "Multiple	  amidated	  neuropeptides	  are	  required	  for	  normal	  circadian	  locomotor	  rhythms	  in	  Drosophila	  ."	  J	  Neurosci	  21(17):	  6673-­‐6686.	  
	  170	  
Tandy,	  S.,	  M.	  Williams,	  et	  al.	  (2000).	  "Nramp2	  expression	  is	  associated	  with	  pH-­‐dependent	  iron	  uptake	  across	  the	  apical	  membrane	  of	  human	  intestinal	  Caco-­‐2	  cells."	  J	  Biol	  Chem	  275(2):	  1023-­‐1029.	  Tauber,	  E.,	  H.	  Roe,	  et	  al.	  (2003).	  "Temporal	  mating	  isolation	  driven	  by	  a	  behavioral	  gene	  in	  Drosophila	  ."	  Curr	  Biol	  13(2):	  140-­‐145.	  Tenhunen,	  R.,	  H.	  S.	  Marver,	  et	  al.	  (1969).	  "Microsomal	  heme	  oxygenase.	  Characterization	  of	  the	  enzyme."	  J	  Biol	  Chem	  244(23):	  6388-­‐6394.	  Testa,	  U.	  (2002).	  "Recent	  developments	  in	  the	  understanding	  of	  iron	  metabolism."	  Hematol	  J	  3(2):	  63-­‐89.	  Theil,	  E.	  C.	  (2003).	  "Ferritin:	  at	  the	  crossroads	  of	  iron	  and	  oxygen	  metabolism."	  J	  Nutr	  133(5	  Suppl	  1):	  1549S-­‐1553S.	  Theil,	  E.	  C.,	  M.	  Matzapetakis,	  et	  al.	  (2006).	  "Ferritins:	  iron/oxygen	  biominerals	  in	  protein	  nanocages."	  J	  Biol	  Inorg	  Chem	  11(7):	  803-­‐810.	  Tiwari,	  A.	  K.,	  P.	  Prasad,	  et	  al.	  (2009).	  "Oxidative	  stress	  pathway	  genes	  and	  chronic	  renal	  insufficiency	  in	  Asian	  Indians	  with	  Type	  2	  diabetes."	  J	  Diabetes	  Complications	  23(2):	  102-­‐111.	  Torti,	  F.	  M.	  and	  S.	  V.	  Torti	  (2002).	  "Regulation	  of	  ferritin	  genes	  and	  protein."	  Blood	  
99(10):	  3505-­‐3516.	  Tu,	  B.	  P.	  and	  S.	  L.	  McKnight	  (2006).	  "Metabolic	  cycles	  as	  an	  underlying	  basis	  of	  biological	  oscillations."	  Nat	  Rev	  Mol	  Cell	  Biol	  7(9):	  696-­‐701.	  Uetz,	  P.,	  L.	  Giot,	  et	  al.	  (2000).	  "A	  comprehensive	  analysis	  of	  protein-­‐protein	  interactions	  in	  Saccharomyces	  cerevisiae."	  Nature	  403(6770):	  623-­‐627.	  van	  den	  Buuse,	  M.	  (1999).	  "Circadian	  rhythms	  of	  blood	  pressure	  and	  heart	  rate	  in	  conscious	  rats:	  effects	  of	  light	  cycle	  shift	  and	  timed	  feeding."	  Physiol	  Behav	  
68(1-­‐2):	  9-­‐15.	  van	  Waasbergen,	  L.	  G.,	  I.	  Fajdetic,	  et	  al.	  (2007).	  "Antimicrobial	  properties	  of	  highly	  fluorinated	  tris(pyrazolyl)borates."	  J	  Inorg	  Biochem	  101(8):	  1180-­‐1183.	  Veleri,	  S.,	  C.	  Brandes,	  et	  al.	  (2003).	  "A	  self-­‐sustaining,	  light-­‐entrainable	  circadian	  oscillator	  in	  the	  Drosophila	  	  brain."	  Curr	  Biol	  13(20):	  1758-­‐1767.	  Viatte,	  L.,	  J.	  C.	  Lesbordes-­‐Brion,	  et	  al.	  (2005).	  "Deregulation	  of	  proteins	  involved	  in	  iron	  metabolism	  in	  hepcidin-­‐deficient	  mice."	  Blood	  105(12):	  4861-­‐4864.	  Vierstraete,	  E.,	  P.	  Verleyen,	  et	  al.	  (2004).	  "The	  instantly	  released	  Drosophila	  	  immune	  proteome	  is	  infection-­‐specific."	  Biochem	  Biophys	  Res	  Commun	  
317(4):	  1052-­‐1060.	  Vitaterna,	  M.	  H.,	  D.	  P.	  King,	  et	  al.	  (1994).	  "Mutagenesis	  and	  mapping	  of	  a	  mouse	  gene,	  Clock,	  essential	  for	  circadian	  behavior."	  Science	  264(5159):	  719-­‐725.	  Vosshall,	  L.	  B.,	  J.	  L.	  Price,	  et	  al.	  (1994).	  "Block	  in	  nuclear	  localization	  of	  period	  protein	  by	  a	  second	  clock	  mutation,	  timeless."	  Science	  263(5153):	  1606-­‐1609.	  Wakamatsu,	  H.,	  Y.	  Yoshinobu,	  et	  al.	  (2001).	  "Restricted-­‐feeding-­‐induced	  anticipatory	  activity	  rhythm	  is	  associated	  with	  a	  phase-­‐shift	  of	  the	  expression	  of	  mPer1	  and	  mPer2	  mRNA	  in	  the	  cerebral	  cortex	  and	  hippocampus	  but	  not	  in	  the	  suprachiasmatic	  nucleus	  of	  mice."	  Eur	  J	  Neurosci	  13(6):	  1190-­‐1196.	  Wallace,	  D.	  C.	  (2005).	  "A	  mitochondrial	  paradigm	  of	  metabolic	  and	  degenerative	  diseases,	  aging,	  and	  cancer:	  a	  dawn	  for	  evolutionary	  medicine."	  Annu	  Rev	  Genet	  39:	  359-­‐407.	  Wallace,	  D.	  F.,	  L.	  Summerville,	  et	  al.	  (2005).	  "First	  phenotypic	  description	  of	  transferrin	  receptor	  2	  knockout	  mouse,	  and	  the	  role	  of	  hepcidin."	  Gut	  
54(7):	  980-­‐986.	  
	  171	  
Wang,	  J.	  and	  K.	  Pantopoulos	  (2011).	  "Regulation	  of	  cellular	  iron	  metabolism."	  Biochem	  J	  434(3):	  365-­‐381.	  Wheeler	  DA,	  H.-­‐C.	  M.,	  Dushay	  MS,	  Hall	  JC	  (1993).	  "Behavior	  in	  light-­‐dark	  cycles	  of	  
Drosophila	  	  mutants	  that	  are	  arrhythmic,	  blind,	  or	  both."	  J	  Biol	  Rhythms.(8):	  67-­‐94.	  Wheeler,	  D.	  A.,	  M.	  J.	  Hamblen-­‐Coyle,	  et	  al.	  (1993).	  "Behavior	  in	  light-­‐dark	  cycles	  of	  
Drosophila	  	  mutants	  that	  are	  arrhythmic,	  blind,	  or	  both."	  J	  Biol	  Rhythms	  
8(1):	  67-­‐94.	  White,	  K.	  and	  H.	  N.	  Munro	  (1988).	  "Induction	  of	  ferritin	  subunit	  synthesis	  by	  iron	  is	  regulated	  at	  both	  the	  transcriptional	  and	  translational	  levels."	  J	  Biol	  Chem	  263(18):	  8938-­‐8942.	  Whitnall,	  M.,	  Y.	  Suryo	  Rahmanto,	  et	  al.	  (2008).	  "The	  MCK	  mouse	  heart	  model	  of	  Friedreich's	  ataxia:	  Alterations	  in	  iron-­‐regulated	  proteins	  and	  cardiac	  hypertrophy	  are	  limited	  by	  iron	  chelation."	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  
105(28):	  9757-­‐9762.	  Wijnen,	  H.	  and	  M.	  W.	  Young	  (2006).	  "Interplay	  of	  circadian	  clocks	  and	  metabolic	  rhythms."	  Annu	  Rev	  Genet	  40:	  409-­‐448.	  Woeller,	  C.	  F.,	  J.	  T.	  Fox,	  et	  al.	  (2007).	  "A	  ferritin-­‐responsive	  internal	  ribosome	  entry	  site	  regulates	  folate	  metabolism."	  J	  Biol	  Chem	  282(41):	  29927-­‐29935.	  Wolkow,	  N.,	  Y.	  Song,	  et	  al.	  (2011).	  "Aceruloplasminemia:	  retinal	  histopathologic	  manifestations	  and	  iron-­‐mediated	  melanosome	  degradation."	  Arch	  Ophthalmol	  129(11):	  1466-­‐1474.	  Yamaguchi,	  Y.	  and	  H.	  Okamura	  (2012).	  "[Molecular	  oscillatory	  machinery	  of	  circadian	  rhythms]."	  Nihon	  Rinsho	  70(7):	  1115-­‐1120.	  Yasuda,	  T.,	  M.	  Fukuda-­‐Tani,	  et	  al.	  (2007).	  "Correlation	  between	  levels	  of	  pigment	  epithelium-­‐derived	  factor	  and	  vascular	  endothelial	  growth	  factor	  in	  the	  striatum	  of	  patients	  with	  Parkinson's	  disease."	  Exp	  Neurol	  206(2):	  308-­‐317.	  Yin,	  L.,	  N.	  Wu,	  et	  al.	  (2007).	  "Rev-­‐erbalpha,	  a	  heme	  sensor	  that	  coordinates	  metabolic	  and	  circadian	  pathways."	  Science	  318(5857):	  1786-­‐1789.	  Yoshiga,	  T.,	  T.	  Georgieva,	  et	  al.	  (1999).	  "Drosophila	  	  melanogaster	  transferrin.	  Cloning,	  deduced	  protein	  sequence,	  expression	  during	  the	  life	  cycle,	  gene	  localization	  and	  up-­‐regulation	  on	  bacterial	  infection."	  Eur	  J	  Biochem	  
260(2):	  414-­‐420.	  Yoshii,	  T.,	  Y.	  Heshiki,	  et	  al.	  (2005).	  "Temperature	  cycles	  drive	  Drosophila	  	  circadian	  oscillation	  in	  constant	  light	  that	  otherwise	  induces	  behavioural	  arrhythmicity."	  Eur	  J	  Neurosci	  22(5):	  1176-­‐1184.	  Yoshii,	  T.,	  T.	  Todo,	  et	  al.	  (2008).	  "Cryptochrome	  is	  present	  in	  the	  compound	  eyes	  and	  a	  subset	  of	  Drosophila	  's	  clock	  neurons."	  J	  Comp	  Neurol	  508(6):	  952-­‐966.	  Yoshii	  T,	  T.	  T.,	  Wulbeck	  C,	  Stanewsky	  R,	  &	  Helfrich-­‐Forster	  C	  (2008).	  "Cryptochrome	  is	  present	  in	  the	  compound	  eyes	  and	  a	  subset	  of	  Drosophila	  's	  clock	  neurons."	  J	  Comp	  Neurol	  508(6):	  952-­‐966.	  Yoshii,	  T.,	  C.	  Wulbeck,	  et	  al.	  (2009).	  "The	  neuropeptide	  pigment-­‐dispersing	  factor	  adjusts	  period	  and	  phase	  of	  Drosophila	  's	  clock."	  J	  Neurosci	  29(8):	  2597-­‐2610.	  Yu,	  W.,	  H.	  Zheng,	  et	  al.	  (2006).	  "PER-­‐dependent	  rhythms	  in	  CLK	  phosphorylation	  and	  E-­‐box	  binding	  regulate	  circadian	  transcription."	  Genes	  Dev	  20(6):	  723-­‐733.	  
	  172	  
Zamore,	  P.	  D.,	  T.	  Tuschl,	  et	  al.	  (2000).	  "RNAi:	  double-­‐stranded	  RNA	  directs	  the	  ATP-­‐dependent	  cleavage	  of	  mRNA	  at	  21	  to	  23	  nucleotide	  intervals."	  Cell	  
101(1):	  25-­‐33.	  Zecca,	  L.,	  M.	  B.	  Youdim,	  et	  al.	  (2004).	  "Iron,	  brain	  ageing	  and	  neurodegenerative	  disorders."	  Nat	  Rev	  Neurosci	  5(11):	  863-­‐873.	  Zerr,	  D.	  M.,	  J.	  C.	  Hall,	  et	  al.	  (1990).	  "Circadian	  fluctuations	  of	  period	  protein	  immunoreactivity	  in	  the	  CNS	  and	  the	  visual	  system	  of	  Drosophila	  ."	  J	  Neurosci	  10(8):	  2749-­‐2762.	  Zhang,	  A.	  S.	  and	  C.	  A.	  Enns	  (2009).	  "Molecular	  mechanisms	  of	  normal	  iron	  homeostasis."	  Hematology	  Am	  Soc	  Hematol	  Educ	  Program:	  207-­‐214.	  Zhang,	  L.,	  B.	  Y.	  Chung,	  et	  al.	  (2010).	  "DN1(p)	  circadian	  neurons	  coordinate	  acute	  light	  and	  PDF	  inputs	  to	  produce	  robust	  daily	  behavior	  in	  Drosophila	  ."	  Curr	  Biol	  20(7):	  591-­‐599.	  Zheng,	  B.,	  U.	  Albrecht,	  et	  al.	  (2001).	  "Nonredundant	  roles	  of	  the	  mPer1	  and	  mPer2	  genes	  in	  the	  mammalian	  circadian	  clock."	  Cell	  105(5):	  683-­‐694.	  Zheng,	  H.,	  F.	  Ng,	  et	  al.	  (2008).	  "Spatial	  and	  circadian	  regulation	  of	  cry	  in	  Drosophila	  ."	  Journal	  of	  Biological	  Rhythms	  23(4):	  283-­‐295.	  Zhou,	  X.,	  C.	  Yuan,	  et	  al.	  (2005).	  "Drosophila	  	  olfactory	  response	  rhythms	  require	  clock	  genes	  but	  not	  pigment	  dispersing	  factor	  or	  lateral	  neurons."	  J	  Biol	  Rhythms	  20(3):	  237-­‐244.	  Zoller,	  H.,	  A.	  Pietrangelo,	  et	  al.	  (1999).	  "Duodenal	  metal-­‐transporter	  (DMT-­‐1,	  NRAMP-­‐2)	  expression	  in	  patients	  with	  hereditary	  haemochromatosis."	  Lancet	  353(9170):	  2120-­‐2123.	  	  
  
 
